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PREFACE 


Pulsed  power  in  all  its  varied  meanings  is  showing  no  sign  of  abate¬ 
ment  in  activity.  It  is  becoming  a  technology  of  increasing  importance 
in  numerous  new  and  novel  applications ,  growing  from  its  well-established 
base  in  energy  and  defense  related  research  and  development.  One  indica¬ 
tion  of  its  vitality  is  this  Digest  of  Technical  Papers  for  the  2nd  IEEE 
International  Pulsed  Power  Conference.  T.te  organizers  were  counseled  by 
many  that  there  would  not  be  enough  material  that  '.ould  be  covered  at 
this  meeting  nor  would,  there  be  a  sufficient  diversity  of  interest  How¬ 
ever,  from  our  first  such  conference  during  November  1976,  held  in  Lub¬ 
bock  as  well,  we  have  recorded  a  fifty  percent  increase  in  attendance  to 
almost  300,  with  well  over  100  invited  and  cpntributed  presentations. 
There  were  twenty-five  attendees  from  10  foreign  countries  including  Bel¬ 
gium,  Canada,  Denmark,  England,  France,  Israel,  Japan,  Poland,  the  USSR, 
and  West  Germany. 

As  a  result  of  this  growth  and  with  the  realization  that  this  con¬ 
ference  serves  as  the  principal  forum  for  the  exchange  of  information  in 
the  highly  specialized  and  unique  field  of  pulsed  power  technology,  sev¬ 
eral  actions  and  events  have  taken  place.  First,  the  present  technical 
program  committee,  which  adequately  insures  that  the  interests  of  the 
principal  players  in  the  field  will  be  served,  have  been  designated  a 
permanent  standing  committee  to  organize  and  maintain  this  conference 
series.  Secondly,  we  have  agreed  to  hold  thi3  meeting  biennial./,  alter¬ 
nating  with  the  well-known  Modulator  Symposium.  It  is  our  present  inten¬ 
tion  that  the  3rd  IEEE  International  Pulsed  Power  Conference  will  be  held 
in  Albuquerque,  NM  during  1981  with  Art  Guenther  of  the  Air  Force  Weapons 
Laboratory  as  Conference  Chairman  and  Tom  Martin  of  Sandia  Laboratories, 


ii 


Albuquerque,  as  Chairman  of  the  Technical  Program  Committee. 

One  Interesting  sidelight  of  this  years  meeting  was  a  contest  to 
select  a  conference  symbol  which  could  be  used  with  all  future  meetings 
and  correspondence.  We  wished  the  symbol  to  be  easily  recognized  and  to 
uniquely  depict  pulse  power.  To  our  pleasant  surprise  almost  fifty  en¬ 
tries  were  received  and  from  these  the  Technical  Program  Committee  selec¬ 
ted  the  symbol  shown  on  the  title  page  of  these  proceedings.  The  winner 
was  Cape.  Charles  W.  Schubert,  Jr.  of  the  U.S.  Air  Force  Flight  Dynamics 
Laboratory,  Wright-Patterson  AFB,  Ohio.  He  received  a  Texas  Instruments 
TI-59  fully  programmable  calculator  graciously  donated  by  the  manufac¬ 
turer.  Congratulations  to  Capt.  Schubert  and  many  thanks  to  TI. 

Our  conference  had  the  distinct  honor  of  being  able  to  recognize  the 
many  contributions  of  Mr.  Peter  Haas  to  the  development  of  pulse  power 
technology  in  the  United  States.  Mr.  Haas  recently  retired  from  his  posi¬ 
tion  as  Deputy  Director  for  Science  and  Technology,  Defense  Nuclear  Agency, 
after  a  distinguished  career  in  the  Federal  Civil  Service.  We  all  recog¬ 
nize  that  he  has  not  really  retired  but  just  entered  into  another  role  and 
we  can  count  on  his  continued  vigorous  and  outspoken  support  for  further 
developnent  in  pulsed  power  technology. 

Besides  the  excellent  technical  content  and  Texas  hospitality,  the 
meeting  could  not  have  transpired  without  the  sponsorships  of  several 
key  organizations.  Thus  we  would  like  to  call  your  special  attention  to 
the  following  sponsors: 

The  Air  Force  Aero  Propulsion  Laboratory 

The  Air  Force  Office  of  Scientific  Research 

The  Electronics  Technology  and  Devices 
Laboratory,  U.S.  Army 

The  Naval  Surface  Weapons  Center  and 


The  Office  of  Naval  Research ;  all  of 

The  Department  of  Defense,  and  from  the  Department  of  Energy; 

The  Office  of  Laser  Fusion  and  the  Office  of  Fusion  Energy. 

The  Conference  was  most  effectively  organized  locally  by  the  Depart¬ 
ment  of  Electrical  Engineering,  Texas  Tech  University  under  Dr.  Russell  H. 
Seacat,  Chairman,  and  the  South  Plains  Section  of  IEEE,  Lewis  Thomas, 
Section  President,  with  Travis  Simpson,  Martha  Smith,  and  Deanya  Wood  of 
the  Texas  Tech  EE  Department,  as  Local  Chairman,  Conference  Secretary, 
and  Secretarial  Assistant,  respectively.  To  all  of  these  people  go  our 
deepest  appreciation  and  a  hardy  "well-done"! 

To  those  who  worked  so  diligently  on  the  organization  and  preparation 
of  the  2nd  IEEE-PPC,  may  we  add  our  sincere  appreciation  and  thanks.  See 
you  in  Albuquerque  in  ‘81. 


A.  H.  Guenther 

Air  Force  Weapons  Lab. 

Chairman,  Tech.  Program  Committee 


M.  Kristiansen 
Texas  Tech  University 
Conference  Chairman 
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Almrati 

7to;;«i<  and  plans  for  the  tt.S.  program  In  inertial 
confinement  fusion  a;«  ravlawad  vlth  emphasis  on 
the  pulsed  power  aspects  of  pellet  drive.*  techno¬ 
logy.  "ha  program  has  grovn  in  diva  year*  iron 
early  experiments  at  the  sub-ttrawstt  level  to  con¬ 
struction  of  large  facilities  capable  of  peafc  p ov¬ 
er  en  target  of  about  ICO  7W.  Driver  technology 
options  have  broadened  from  {lass  and  CO,  lasers 
to  short  vaveien|th  lasers,  electron  and  light  ion 
beans,  and  high  energy  heavy  ion  accelerators.  Ex¬ 
cept  for  the  heavy  Ion  drivers,  near  ten  Cephas  is 
has  been  placed  on  single-shot  systems  to  establish 
scientific  feasibility  at  greatly  reduced  cost  coo- 
pared  to  rep-rate  facilities.  However,  as  the  pro¬ 
gram  develops  attention  mutt  be  given  to  components 
and  subsystems  necessary  for  reliable  rep-rated 
operation. 
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IjiSTKi 

Research  conducted  la  support  of  the  pulsed 
power  approach  :o  fusion  has  resulted  in  the  cre¬ 
ation  of  an  extendable  accelerator  technology  that 
could  bo  used  as  levels  up  co  100  TV  and  30  Ml. 
These  type*  of  accelerators  are  offlcionc  (about 
30  :o  SO  percent)  and  for  Ion  outputs  in  tHo  1  co 
)  MJ  range  they  say  provide  an  approach  to  fr.'tno- 
slcally  foasiblo  200  MV  oloctric  power  reactor. 
Repetitive  pulsing  of  tha  pulsed  power  system  for 
>10*  shoe  lifetime*  must  ba  solved  along  with  ion 
baas  concentration,  bunching,  and  drifting. 

Suaaar* 

In  this  paper  ve  first  describe  Sandla'a 
nodular  pulsad  power  approach  and  provide  projec¬ 
tions  concerning  future  accelerators. 

Second,  the  technology  for  repetitively 
pulsed  (rep  race)  accelerators  is  outlined.  Recent 
encouraging  results  at  10*  to  10*  shots  were 
^stained  which  could  lead  to  reliable,  long  life 
sy scene. 

Third,  a  reactor  scenario  is  presencad  which 
use*  the  unique  capabilities  of  the  efficient 
pulsed  power  system*  and  plasaa  chanovi  transport 
of  the  particles  to  provide  a  snail,  economically 
feasible  susses. 

Introduction 

Pulsed  power  accelerators  originated  at  the 
Atomic  "capons  Research  Establishment  (AWE)  during 
l?62-ou  in  a  group  directed  by  J.  C.  Martin.  The 
first  applications  were  flash  radiography  and 
transient  radiation  effects  studies  and  the  field 
has  diversified  rapidly  into  several  areas.  Sons 
of  tne  present  applications  are  plassa  ccapression, 


incense  e-bean  generation,  intense  light  and  heavy 
ion  bean  generation,  eleeero-Mgnecic  pulse  testing, 
lightning  aiaulAcien,  and  laser  excitation.  Poten¬ 
tially,  the  largest  economic  lap act  of  pulsed  power 
could  he  in  electrical  power  generation  by  inertial 
confinement  fusion  whom  the  relatively  high  effi¬ 
ciency  of  pulse  power  drivers  nake  then  the  opclmua 
of  the  varloue  Methods  considered. 

The  basis  of  pulsed  power  technology  is  the 
sbilley  to  storo  and  switch  largo  quantities  of 
energy  and  power  economically.  The  technology  «n- 
coap  asset  Marx  generators,  conprassed  field  genera¬ 
tors,  high  voltage  pulse  transformers,  triggered 
and  uacrlggered  switching,  pulse  fotmleg  lines, 
vacuus  insulation,  magnetically  Insulated  lines  and 
beam  forming  diodes,  Frtseacly,  currants  co  3  MA 
rising  at  A  x  10“'  amps/second  and  voltages  rising 
ac  i  x  10**  V/second  have  bean  achieved.  The 
accelerator  for  particle  beam  fusion  research  ac 
Sandls  Laboratories  utilises  many  of  chest  now 
techniques. 

The  Sandls  fusion  scceleracor  operacing  se¬ 
quence  begins  vich  s  Msrx  generator  where  energy 
storage  capacitors  are  charged  in  parallel  and  dis¬ 
charged  in  series.  Slnco  voltage  breakdown  limits 
in  liquids  are  determined  partially  by  pulse  length, 
short  charge  times  are  lnporcanc  throughout  the 
accelerator  and  low  inductance  is  desirable.  The 
energy  flows  from  ths  Marx  into  the  Intermediate 
score  capacitor.  A  gas  insulated  triggered  switch 
is  then  actuated  to  transfer  the  Intermediate  store 
capacitor  energy  to  the  water  insulated  pulse 
forming  lin*  (PFL).  Ur.triggtred  switching  in  the 
?FL  then  provides  =any  current  carrying  channels 
for  low  inductance  and  launches  a  SO  ns  electrical 


power  incident  on  target  (w/c**) 


3 


pul**  cowards  cht  vacuum  insulator.  Aiu:  passage 
through  th*  vacuum  insulator,  om  a!  ;h«  most  in¬ 
ductive  component*  in  th*  accelerator,  the  power 
p«r  unit  art*  is  increased  during  transport 
through  magnetically  Insulated  transmission  Umi 
»  th*  diodes.  The  energy  ir,  th*  electromagnetic 
wav*  Is  then  converted  to  *  particle  beam  by  a 
diode  and  guided  to  th*  target  by  a  magnetised 
flats*  column  which  pr«v«nts  beam  dispersion.  .Many 
beam*  art  (emd  and  char,  ar*  overlapped  on  th* 
target  to  provide  further  power  concentration. 

Fig.  1  show*  th*  progress  and  expectation*  in 
achieving  power  danaity  with  electron*,  and  Fig.  2 

show*  similar  data  for  ion  baaa*.  Fewer  danaitla* 
14  5 

of  “vlO  U/e*“  ar*  though:  to  ba  Mcassary  for 
pallet  Ignition. 


Fig.  1.  Achieved  and  Projected  Electron 
Power  Densities. 
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Fig.  2.  Achieved  and  Projected  Light  Ion 
Seas  Power  Densities. 


The  two  basic  driver  approach**  to  ICT  ar* 
lasers  and  parcicl*  beam  drivers,  lasically  th* 
lasers  ar*  strong  in  th*  ability  to  saximia*  power 
density  but  art  weak  in  efficiency  and  total  energy. 
Th*  particle  bean  drivers  revert*  these  trends. 

fusion  Accelerator  Teehnolosv 

One  of  the  Important  results  fro*  the  Sandia 
pulse  power  progra*  it  the  demonstration  of  the 
flexibility  and  extandabllity  of  the  modular 
approach  to  pulsed  power.  Fig.  1  shows  the  history 
of  the  Sandia  ICT  accelerator  program  and  project* 
for  tho  future. 


Fig.  3.  Particle  B«a*  Fusion  Accelerator 
Output. 

Hydra*  is  wat«r  insulated  with  a  single  output 
p«r  line  with  a  1  .MV,  300  kA,  50  kJ  output. 

•I 

Proto  I*  is  a  two-sided,  triggered  oil  twitched, 

2  .MV,  500  kA,  20  kJ  acc«l*racor.  Proto  IX3  is  a 
1.5  MV,  6  MA,  250  kJ,  self-breaking  vattr  switched 
accelerator,  and  EIFA  I  has  36  modules  and  is 
designed  for  2  MV,  15  MA,  and  1  MJ.  EIFA  II  will 
be  a  100  TV  upgrade  of  EBFA  I. 

Fig.  4  I*  a  cutaway  conception  of  EBFA  I  which 
shove  th*  modules  and  their  components .  Th*  oucsid* 
tank  diaa«c*r  is  30.5  s,  and  it  it  4.8  a  high.  Th* 
36  (6  uh)  Marx  generator*4  with  a  total  energy  of 
4  MJ  ar*  contained  in  a  4.6  a  by  4.5  a  annular 
volua*  which  is  filled  with  1.9  million  lictrs  of 
transformer  oil.  Th*  Marxes  transfer  their  energy 
through  u  1.2  n  diameter  polyurethane  oil-water 
interface  insulator  to  the  20  nf  water  insulated 
capacitor  in  about  .6  nsec.  Three-acgavolt  gas 


Fig.  i.  ejfa  i 

switches  are  then  triggered  simultaneously  and 
charge  the  water  insulated  pul**  ior*in|  Umi  ia 
ZJC  «*.  Ten  untrigs^red  Inc -plan*  gaps  per 

nodule  then  7414444  4  AS  ei  long  pg’.ii  (re*  the 
crauasissieft  lines  into  the  30  ah  vacuo*  insulator. 
The  generator  power  pc  I* 4  la  than  conducted  to  th« 
:«;$4t  y  by  char  6.1a  loan  aagneclcaily 

insulated  trar.snisslan  I'.r.tt. 

E3FA  I  output  parameters  arc  shown  la  Fig.  5 
(or  electron  be**  operation.  In  ch«  light  Ion  node, 
aa  now  jonceuplaced,  bat*  bunching  due  to  voltage 
anaping  and  boss  dr*  it  lag  will  provide  unban ted  peak 
p»2ver  at  tha  target  at  a  «oe*vHac  lower  output 
energy. 

UFA  JASEUSE  OESXCH  7ATAXE7EXS 

FttSE  LSiCTU  -  r-1M. .  33  n« 

?EAK  ?0VEX .  30  TJ 

:v3an.*7 .  is.o  xa 

. 0 L . ACE ..............  2.0  XV 

s:r,®.CY .  i.o  xj 

ESSftGY  STOSACE .  oil  insulated  -  a  :*J 

?l’Z.Si*.  FQFMIHG . .  water  insulated 

.C-'EX  7£A.'!SMXSSXC!i...  magnetically  insulated 

Fig.  S.  E3FA  Projected  Parameters. 

Iht  nodular  approach  to  pulse  power  has 
several  advantages,  first,  Intensive  studies  on 
icepoatnt  raliablllty  and  lifeeixe  can  be  obtained 
.n  snail  nodules  earlv  in  the  progras.  Second,  no 
single  scdulo  Units  the  accelerator  performance, 
r.r  instance,  previous  designs,  such  as  Hydra,  havt 
rise  tine  linieactons  established  by  switch  and 
"acuun  insulator  inductance  because  of  the  basin 
accelerator  physical  dimensions.  Third,  a  single 


nodule  can  be  fabricated  relatively  qutoly  and 
inexpensively  to  check  co«paclblllty  oi  components, 
manufacturing  techniques,  end  engineering  design 
prior  to  Min  accelerator  procureMne.  A  fine  pro¬ 
duction  nodule  is  useful  for  physics  experiments  and 
to  acquaint  personnel  with  accelerator  character¬ 
istics  1  to  2  years  before  the  large  accelerator  ia 
available.  Our  first  production  unit  now  being 
tested  ia  shown  in  Fig.  6.  *de  see  the  intermediate 
energy  score,  the  5F-4  gee  switch,  the  trig**?  de¬ 
lation  eoil,  the  two  pulse  farming  lines,  c.he  pre¬ 
pulse  isolitloe  shield,  and  the  beginning  of  the 
transmission  line.  Fig.  7  shows  a  different  view 
of  the  pulse  forming  lines,  the  transmission  line 
transformer  and  the  outside  region  of  the  vacuum 
insulator  atack.  The  magnetically  Insulated  trans- 
xiselon  lines  and  the  anode  cathode  arrangement  are 
shown  in  Fig.  6  and  9.  Typical  A-K  gaps  art  2.3  a* 
for  a  3  cm  diameter  cathode. 


Fig.  7.  Kydraolce  Front  Section  View 


Fig.  10.  Freaenc  and  Possible  Accelerator 
Outputs. 


Fi(.  I.  Kite  Magnetically  lmaulatad  11m. 


A  300  kV,  100  Ha,  30  KV  avtra|«  power  pulsar 


Has  ga«a  in  oparation  at  Sand  la  since  SaptasViar 
1977.  efficient  reliable  pulse  power  sy scans  with 
long  lifetime  (>10*  shots)  will  be  needed  for  ICF 
reactors.  Continuous  operation  for  extended  periods 
without  major  maintenance  or  repair  are  required. 

The  30  kV  rep  race  ay scan  is  shown  in  Fig.  11. 

It  consists  of  a  low  voltage  capacitor  bank,  a  volt¬ 
age  step-up  transformer,  a  pulse  forming  line  (PFU, 
a  high  voltage  switch,  and  a  load  resistor  or  a 
diode.  The  system  uses  a  dual  resonance  transformer 
for  charging  the  FFL  to  provide  maximum  efficiency. 
The  pulser  has  providad  pulses  for  stveral  hours  at 
the  race  of  ICO  ppe.  Approximately  10*  shots  have 


Fig.  9.  Kite  Anode  Cathode  Cap 


bean  fired  witk  no  major  component  failure. 


Solf-magaatlcally  insulated  lines  permit  ex¬ 
tremely  high  levels  of  powar  concentrations*.  The 
magnetic  fields  from  preceding  electrons  trap 
following  electrons  and  return  them  to  the  conduc¬ 
tor  from  which  they  were  emitted.  This  process 
inhibits  the  vacuum  breakdown  and  alaccric  fields 
of  2  HV/ca  in  the  main  transmission  lines  and 
7  MV'/ca  in  A-K  gap*  are  obtained.  These  fields  pro¬ 
vide  up  to  .16  IV/e m~  for  about  AO  as  and  allow  for 
minimal  particle  drift  distance  to  the  cargac. 

If  the  £SFA  1  modules  arc  used  in  the  full 
solid  angle  other  than  Just  a  plane,  than  vary 
large  outputs  art  obtainable  as  shown  in  Fig.  10. 

An  extrapolated  level  of  400  TV  and  16  KJ  is  pos¬ 
sible.  Another  method  for  obtaining  higher  output 
would  be  to  upgrade  the  present  module.  This  is 
also  shown. 


Fig.  11.  350  kV,  100  pp.>,  30  kV  electron 
Beam  Accelerator 

The  initial  problems  of  nvicch  erosion  and 
vacuus  diode  operation  under  rcpecicive  conditions 
have  been  investigated. 
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Tint,  the  switch  erosion  was  shown  to  have 
negligible  effe «.  Fly.  12  ah cv*  the  time  of 
breakdown  for  10*  consecutive  shot*.  The  standard 
deviation  is  M  no  or  1.0?  of  the  nominal  break¬ 
down  voltage.  Thla  data  shove  shat  there  should 
bo  r.o  prefire*  for  triggered  switch  operation  ac  a 
reasonable  operating  point  such  aa  90S  of  the  seif 
breakdown  voltage. 


Fly.  s:.  Uish  Voltage  Switch  Stability 

The  awlcch  lifetime  data  ahoved  a  switch  aro- 
-3  3 

sian  race  of  2  x  10  cs  /shoe  for  a  density  of 
IS  jsrea3.  Z:  uaa  esclsaeed  chat'  a  removal  of  12 
would  wldan  th«  yap  spacing  and  incraaaa  the 
breakdown  voltage  by  102.  Ihasa  timbers  provide  an 
ascisstod  lifetime  of  %  x  203  shots.  Fly.  13 
recalls  the  *00  kV  output  switch  case. 

second,  a  ICO  kV,  10  kA  electron  bass  diode' 
was  snown  to  hove  an  operating  llfetlne  of  ac  least 
220,200  theca  with  a  projected  llfetlne  In  excess 


HtSH  VCtTACC  y.'ITCM 


Mess  lost,  la, -ye  electrode  {CUenl:e)t>  jo 

0.3S2 

Mett  loss,  $osl\  electrons  (Clkonttr),  p 

0.117 

Charge  transfer  par  shot,  cev Icons 

i.S  a  10' 

Charge  transfer  totsl,  coelom 

IM 

Action  per  shot,  ng'-iK 

S 

Action  tout,  aop?-te< 

S  *  10* 

frtslen,  g/csulee* 

Large  electrode 

5.4  x  10' 

Sami)  elKtrode 

2.9  a  10' 

C rot  lee,  g/epZ>tK 

large  electrode 

7  a  10** 

Snell  electrode 

*  a  10** 

Fly.  13.  High  Voltage  Switch  Parameters 

of  10*  shoes  ac  1000  A/c*~  aoode  lead lay.  Fly.  1& 
shows  the  teede  and  cathode.  The  cathode  became  a 
poorer  emitter  with  incroaalny  shots.  A  neans  to 
restore  the  esthede'a  emission  characteristics  by 
carbonizing  the  cathode  eu  demonstrated.  The 


diode  parameters  are  shewn  In  Fly.  13. 
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Fly.  11.  Repetitively  Fulaed  Anode  Cathode. 

REPETITIVELY  PULSED 
ELECTRON  SEAM  0I00E 

!0  Q 
200  kV 
20  *A 

1.5  kA/ct^ 

20  H: 

Fig.  15.  Repetitively  Pulsed  Electron 
Beta  Diode. 


Fcu*r  Aerator  Concent 

On*  po#*ibi*  200  ffr'e  reactor  *y*ca*  I*  ahovn 

t  a 

In  Fig.  24  '  Tha  energy  acortp  section  cm< 
tain*  :>.*  priaary  anergy  *cor*,  either  capacitive 
or  inductive.  Tha  eatigy  is  co*pru««j  and  pul** 
*h*ped  at  previously  outlined  tad  then  craaanltcei 
through  the  ccntainnen:  vail  up  to  the  raactor 
chrsber  by  nagnecically  insulated  power  flow 
line*. 


Fig.  26.  Particle  lua  Driven  Xaecter. 

Th«  reactor  c  Hanker  la  anal!  (2  n  radius)  tad 
will  contain  60  MJ/pelltta  at  10  ppa.  Approxi¬ 
mately  :  «J  of  baas  energy  la  supplied  to  tha  gala 
30  pellet.  lb*  raactor  chaabar  coatalat  SO  torr 
of  naon-haliu*  which  abaorba  and  aodaracas  tha 
pallat  energy.  Laser  laltlatad  channel*  which  art 
haatad  by  a  capaetiva  discharge  conduct  tha  par¬ 
ticle  baas  to  tha  target.  A  larger  view  of  tha 
baseline  gaoaetry  la  ahovn  in  Fig.  17.  Thia  above 
tha  guiding  laaar  baaa,  vacuus  insulator,  coetaln- 
sant  wall,  and  dual  vaoa  window  arrangenent.  The 
vanaa  open  for  an  Inatant  to  allow  bean  paaaaga 
and  than  cloat  to  nalntaln  the  anode  cathode 
vaeuta. 


■IMf*  , 

n’t 


-  —  -/ 
-»«•  MW 


5W 

ftCMB  NMlMlUlMlM 


} 

i 


j 


it  i 


*!  J 

<n»Mi  <w  J  j 


wiron.  S  i 

ua  *w 


Fig.  IS  ahowt  affluanty  affaeta  on  power  re¬ 
actor*.  N'a  ia  tha  drlvrr  efficiency,  C^B  it  tha 
pallat  gain  necataary  to  provide  a  755  uaaful  out¬ 
put.  Thia  Mans  that  25X  of  tha  tnargy  will  ba 
recirculated  to  power  tha  driver.  Tha  affect  of 
efficiency  on  raactor  chaaber  site  and  pallat  gain 
are  draaacis. 
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Fig.  II.  Fewer  Reactor  Comparison 
Concluaione 

Tha  nodular  1CF  pulaad  power  concept  Ha*  pro¬ 
vided  tha  possibility  for  epicene  ranging  to  1000 
TV  and  30  MJ  with  nedaat  lnprovananta  in  techno¬ 
logy  and  further  l^rovanenta  ia  reliability.  The 
rap  rata  capability  of  cheae  aye tana  appear*  good, 
hut  the  data  beae  la  anall  and  expansion  of  this 
area  ia  needed.  A  raactor  daaign  Indicate*  tha:  a 
ana 11,  economically  feaelble  power  plant  nay  be 
poaaibla  uaing  thia  pulaad  power  technology. 
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Abstract 

Tso  use  of  hlgh-power  puls*  technology  and  explo- 
»iv«  electron  eviction  enables  on*  to  conttruccnew 
pulsed  electron  device*.  to*  prerent  report  give* 
the  riivlsi  oi  on  incentive  Investigation  of  high- 
power  pulse  generation,  electron  boa*  geo— try  am! 
the  application  oi  thee*  baa—  to  the  production  of 
ultra  high  frequency,  laiar  aisai  X-ray  radiation. 

Thl*  roport  1*  based  on  roaulta  obttined  at  th«  In¬ 
stitute  of  High-Current  Electronics. 

Pula*  Generation 

Switches 

To  develop  —second  high  power  pulao  ganaratora 
ona  should  have  switches  which  exhibit  largadi/dt 
charactarlstles  as  wall  as  naaosacond  trigger  Jit- 
tor.  Previously,  a  Mtnod  had  baao  auggascad  for 
controlling  nag a volt  gas  spark  gaps  using  nanosac- 
ond  duration  electron  bee—  [l].  This  approach  is  I 
based  on  rapid  alactrlc-fleld  distortion  whan  as 

* 

electron  baas  with  opciaua  valuas  of  beaus  current  | 
and  power  are  Injected  into  tha  gap.  Par  a  dls-  i 
charge  voltage  of  2  x  10*V,  a  delay  :i— ,  t^  • 

IS  *  S  ns,  has  been  obtained  using  a  300  keV  else-  { 
cron  baas  of  30  ns  duration  and  a  bean  current  of 
5  A  [1.3]. 

The  characteristics  of  crigatran  —gsvolt  switches 
was  also  investigated^,!]  trig.  1).  It  has  been  de¬ 
termined  that  with  such  triggering,  nanosecond  de¬ 
lay  ci— s  can  be  achieved  only  when  the  Initiation  1 
is  carried  out  with  electric  field  distortion  at 
the  tip  of  the  triggering  electrode.  It  is  neces¬ 
sary  that  the  discharge  develops  sinulcaneously  in 
the  sain  gap  and  triggering  region. 

The  dependence  of  the  delay  t^  and  trigger  stabil¬ 
ity  *  were  investigated  for  both  polaritiei  of 
the  gap,  the  applied  voltage  Ya  and  triggering  Vc 


voltages.  The  loweet  t^  and  *  were  obtained  for 
a  +  V,  and  c  -  V  (Pig.  3).  This  result  Is  explained 
by  the  fact  that  the  initial  stage  of  the  crlgatron 
breakdown  process  Is  a  point  (trigger  electrode)  to 
plane  (baalc  electrode)  discharge  for  which  there 
is  s  well  known  polarity  effect,  i.e.,  If  the  point 
has  positive  polaricy  the  breakdown  voltage  Is  sig¬ 
nificantly  lower  than  If  It  is  charged  negatively. 
With  a  discharge  voltage  of  10*V  and  V‘t  »  105V  we 
obtained  t^  «  5  *  0.5  ns  (Fig.  3).  Using  trlgstron 
triggering,  Multichannel  (up  to  S  channcli)  twitch¬ 
ing  wa*  achieved  in  acgavolc  awlcehea. 


4.  -  it*  pm:  •  lee  trifftriof  ftp: 

Y*  -  Me  m*in  rtftfr.  V}  *  to*  intprir*  voittft 

Pig.  1 

Tha  efface  of  gataous  sixturas  (SFg,  Ar,  H,)  on 
triggering  and  ceaeucacion  characteristics  of  noga- 
volt  switches  were  invesclgtted.  1c  was  found  chat 
the  Addition  of  Ar  to  high  dielectric  strength  gas¬ 
es  such  as  SF^  /■"'  decreases  c^  and  and  ls- 

provas  nulci-c  operacion.  However,  large  con- 

cencrations  o.  _  .  gaseous  mixture  increases 
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M*  switching  cia*  (Fig.  4).  Therefor*.  to  isprav* 
condition*  for  parallel  operation  of  a  large  nu»- 
b*r  of  spark  channels,  or,«  should  u*«  lull  (u?  to 
102}  stifle  lor.*  of  Ac  which  do  roc  r«*ulc  In  slgnif- 
leant  degradation  of  eh*  switching  ptocest. 


’**  wkjf  tm  *v  .u  liman  mnt**n  C,  if  t«* 
hxfrtrm  u  jrmr-rttft  rrumtt  tnrmMnmt  »' 
m  fa  <.,b  X  f  W"*ii  <5, 

irt  Tf  imrtfft^rf  g  ut  L*  r^jurr  .*  *,  ig  -tt% 

•.r-i,mc  w>t.  w-r, 

rit.  2 


TV:*  tnoalrsn  l,  VS  irippfrirp  pu/tt 
cir.slilude  Vt  ai  various  undtr-vottoptt 
t/J  .'/»r  sap  t‘Vm/v},  >0.93', 

2-075  %  3-0.7. 
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Ostites  promt  of  (ht  vettopr  drop  in 
iht  pap  for  varied s  pet  muiurts, 

- -  -  >  -  —  * 

rig.  a 

Marx  ?ul*»  Cene rs core 

In  som  css«s.  In  particular  for  parall*! operation 
Marx  puls*  |*n«racors  ausc  b«  triggered  vieh  aain- 
laws  varlsnc*  In  trigger  daisy.  X  Marx  generator 
vlch  operating  voltage  lass  chan  3  MV  hss  ba«n  con¬ 
structed  using  chr«*-*l*ccrod«  gaps  In  uhich  ch* 
ctncral  «l*ccrod*  Is  capsciclvaly  couplad  co  chsc 
of  ch*  preceding  stag*.  Tha  generator  vas  eon- 
scruccad  ulch  sagMnead  stacked  stag**  and  immersed 
in  a  coluen  of  oil.  Along  ch*  stages  char*  Is  a 
column  of  r.*p*  uhich,  afear  each  firing,  is  flushed 
a*d  refilled  with  drr  air  ac  pressure  of  1-2  ata. 
Vhan  operating  into  a  I/O  oho  load,  the  Marx  gener- 
acor  aean  delay  tin*  is  330  ns  ulch  an  operating 
tin*  jitter  of  3  ns  and  output  voltage  rise-cia*  cf 
60  ns.  Th*  charging  voltage  par  stag*  is  S3  kV. 

The  generator's  salf-lnductanca  is  13  pH  ar.d  con¬ 
tain*  33  stages.  Pressure  concrol  in  ch*  gap  col- 
ton  enables  on*  co  adjust  ch*  delay  tin*  from  330 
to  350  ns.  The  generators  can  operate  boch  inde¬ 
pendently  and  in  parallel  and  are  principally  used 
for  switch  testing.  One  of  che  above  generators 
r.an  act  as  a  priaary  storage  for  an  electron  pulse 
accelerator  using  a  uacer  dielectric.  The  acceler¬ 
ator  has  the  following  parameters:  an  electron 
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Peas  voltage  up  to  1  XV',  bees  current  -  up  to  300 
fcA,  pulse-duration  of  the  electron  currant  la  70  ns 
Through  a  controlled  coaeutator  a  tingle  storage 
line  of  39  ohs  impedance  it  discharged  through  a 
coaxial  transformer  of  2.3  ohs  lspadanca.  Tha 
electron  baas  Is  formed  In  tha  diode,  containing  a 
dish  Insulator.  The  Intaralaccrode  spacing  d being 
of  the  order  of  1  es,  ratio  X/d  ’•  1  (X  «  radius 
of  cathode).  Using  tha  accelerator,  we  have  In¬ 
vestigated  the  regimes  of  electron  -  beam  geometry 
In  diodes  with  a  large  value  of  v/v.  To  analyze 
tha  plataa  generated  In  the  diode,  laser  scattering 
off  plasma  electrons  ar.d  interferometry  are  used. 
Due  to  the  very  low  Jitter  In  the  operation  of  the 
Marx  generator  and  gap,  good  coincidence  of  elec¬ 
tron  current  pulse  and  laser  diagnostic  devices 
vas  achieved  In  the  accelerator. 

The  "Module"  Installation 

At  the  Institute  of  High-Current  Electronics  sever¬ 
al  pulse  generators  have  been  constructed,  each  of 
which  Is  used  for  various  investigations  [5].  One 
of  them,  the  "module"  installation,  has  the  follow¬ 
ing  parameters:  output  voltage  It  2.3  MeV,  cur¬ 
rent  -  2.9  XA,  total  stored  energy  -  100  kJ.  The 
installation  consists  of  six  parallel  coaxial  lines 
with  water  insulation  discharged  through  gas  gaps 
into  a  common  transmission  line  (fig.  5).  This 
line  is  then  discharged  into  tha  load.  All  six 
lines  are  incorporated  Into  a  common  vessel  and 
charged  with  a  pulsed  linear  transformer  during 
l.A  x  10~*s.  The  pulsed  linear  transformer  is  con¬ 
structed  as  a  set  of  1&  similar  sections.  Each 
section  includes  two  transformer  stages  whose  pri¬ 
maries  are  connected  in  parallel  and  the  secondar¬ 
ies  In  oerlea.  Tha  primary  energy  la  stored  In 
four  capacitors.  The  transformer  has  a  ferromag¬ 
netic  core. 

The  "Xodule"  Installation  Is  usad  for  investigating 
magnetic  compression  v f  electrically  vaporized  chin 
cylindrical  liners.  Kv  merical  calculations  made 
using  nagneco-hydrodyr.avlc  computer  programs  show 
the  efficiency  of  suc>  <  compression  method  for 
obtaining  very  high  plasma  velocities  (2  x  10^ 
cm/s),  high  densities  and  temperatures  (some  keV). 


A  calculation  for  the  "iiodule"  installation  indi- 

* 

ectea  one  can  aehlave  a  cospresslonal  speed  of  10’ 
tnd  temoeraturea  of  l  kaV. 


^  #•!** 


rig.  3 


Hith-Freeuencv  Pulsed  Electron  Accelerator 
A  relativistic  electron  beam  accelermor  with  pulse 
repetition  frequency  of  10Q  He  was  constructed  at 
tha  Institute.  The  electron  energy  vas  3  x  10s  eV, 
current  -  3  x  10^A.  pulse  duration  -  25  n*  with 
rise  time  of  3  ni.  A  pulsed  Tesla  transformer  built 
in  the  pulse-forming  line  was  used  as  a  charging 
arrangement  for  this  line  (Fig.  6)  [7,51. 

High  speed  gas  flow  between  the  pulse  sherpenlnp- 
gap  electrodes  was  employed  to  obtain  low  jitter  in 
the  pulse  generator.  It  was  shown  chat  at  the  given 
pulse  repetition  frequency,  a  jitter  lower  than  12 
could  be  obtained  by  selection  of  proper  gas  flew. 

The  electron  beam  vas  formed  in  a  foilless  coaxial 
diode  vhoae  cathode  vat  placed  in  a  homogeneous  nsg- 
netlc  field  of  5  x  10^  Oersteds.  The  bean  vas  trans¬ 
ported  in  e  cylindrical  vacuum  wave  guide  with  the 
beam  being  deposited  on  a  cooled  collector.  Studies 
of  the  vacuum  diode  operating  stability  showed  that 
variance  of  the  total  diode  current  and  cathode  vol¬ 
tage  pulse  parameters  depends  on  both  the  cathode 
material  and  the  electric  field  strength  at  the  e- 
mlttlng  surface.  Reproducibility  <  102  could  be 
achieved  in  diode  current  and  voltage. 

This  accelerator  was  used  in  the  construction  ot  a 
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high-pover  S;  +  Ar  laser  (wff icitncy  *.  1.5S)  [2], 
and  for  constructing  a  pulsed  ICO  MT  miccovav#  ;*dJr 
jclon  generator  (prf  -  SO  Ks,  efficiency  %  102} 

Cio3. 


Frccesse*  in  Accelerator  Diodes 

The  Material  and  Shape  of  Emitters 
Ac  present,  explosive  emitters  of  various  materials 
and  ahapes  art  used  in  cachodtt.  Froo  she  litera¬ 
ture  It  la  ofctn  noc  clear  in  what  v«y  the  emitter 
material  and  geometry  ara  chosen.  Sine*  explosive 
ini at  ton  lead*  to  emitter  troalon,  it  is  obvious 
that  tor  long-lived  explosive  -  cathode*  chose  msc 
preferable  art  taiectrs  with  constant  cross  stction* 
as  a  function  of  hti|hc  (foils  and  virts). 

A  concrolltd  nuabtr  of  emitting  ctnctrs  on  the  each* 
ode  of  a  largo  surface  can  bt  easily  crtacad  using 
cbin-ulra  cylindrical  emitters.  Xovtvar,  in  this 
cast,  some  problems  arise  eonctrnini  the  choice  of 
material  and  optimal  emitter  dismecer,  i.e.,  a  dia¬ 
meter  for  which  tbe  electric  field  strength  is  suf¬ 
ficient  fot  exciting  explosive  emission  during  the 
pulsed  voltage  risecise  while,  on  the  other  hand, 
loading  to  minimal  emitter  erosion.  A  study  showed 
chat  for  each  specific  sec  of  operating  conditions 
there  Is  an  optimal  diameter  whose  value  Increases 
wish  pulse  duration  and  current  amplitude.  The  im¬ 
portance  of  the  optimal  diameter  is  illustrated  in 
ng.  :. 

As  a  result  of  breakdown,  erosion  characteristics 
and  parameters  of  originating  whiskers  were  deter¬ 
mined  far  several  emitter  s'terials.  From  this 
study  a  sec  of  maceriels  preferred  for  ercacion  of 
long-lived  explosion-emission  cathodes  was  derived. 
Emitters  made  of  different  materials  having  identi¬ 
cal  geometry  ware  tested  under  similar  conditions. 
The  results  of  these  experiments  pcsssncsd  in  Figs, 
a  and  9  indicace  choc  copper  emitters  have  the  best 
erosion  reproducibility. 

T.-lindritai  copper  emitters  are  preferable  for  con¬ 
structing  explosion-emissive  cathodes  of  large  sur¬ 
face  area  for  operation  under  repetitive  firings  in 
diodes  evacuated  by  standard  oil  vacuum  pumps. 


n*.  « 


Fit? 


rig.  S'  3«m4t&ct  of  th*  imi  rtioral  fre*  *.t» 
°  eyhr4«r  mttir  on  :h*  ;ula«  suaotr. 
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'  Test  results  ef  the  (lU  MitttH. 


netic  field  approximation)  it  tha:  the  electron  en¬ 
ergy  in  th*  drift  tub*  can  b«  twica  (or  aora)  at 
large  at  tha  initial  energy  of  th*  beatu  with  th* 
currant  being  equal  to  th*  limiting  |«n«rator  sys¬ 
tem  currant.  Measurements  performed  of  btaacurrtnt 
a  fid  potantial  for  that*  hollow  beams  ar*  in  a  good 
agrteaenr  with  th*  ratultt  of  th*  analytical  and 
numerical  calculation!.  Thit  *nabl«t  on*  to  con- 
clud*  that  th*  btaa  currant  it  determined  by  theee- 
cal«ration  spac*  in  th*  dlod*  rathtr  than  bting 
limited  by  th*  generator  tyttas,  at  hat  baan  prevl- 
outly  tuggattad  in  a  number  of  theoretical  and  ex¬ 
perimental  work*. 


rig.  9 

Xatnetic  Intulaelon  of  Diode* 

At  present,  high-currant  hollow  electron  baaaa  form¬ 
ed  in  folllatt  diodea  with  magnetic  intulaelon 
(Fig.  10)  art  uidely  uaed  in  ultrahigh  frequency  ap¬ 
plication!.  Recent  lnveatigaclona  of  magnatically- 
intulated  diodea,  an  extentlon  of  our  work  publithed 
in  1970.  thawed  that  eh*  current  pula*  duration  it 
limited  by  a  breakdown  both  acroaa  [ii]  and  along 
a  magnetic  field  at  a  reault  of  cathoda-plaama  «x- 
pantlon.  Th*  breakdown  velocity  acroat  a  magnetic 
field  of  10*0*  it  5  -  8  x  105  cm/t,  and  along  the 
field  2  -  3  x  10-'  cm /«.  Th*  breakdown  apeed  acrott 
th*  magnetic  field  can  be  decreaaed  by  a  factor  of 
2-3  when  th*  caehodea  are  conacrucced  of  aepara- 
ted  eolation  center* (16) .  The  ttudy  * ho  wed  that  in 
a  magnetic  field  the  plain*  homogeneity  at  th*  cath¬ 
ode  lncreaaet.  It  vat  ahovn  that  by  decreatlng  the 
screening  effect  of  th*  magnetically  confined  elec¬ 
tron  layer  at  well  at  by  multiplication  of  emissive 
centers,  Improved  performance  results  (17).  Figure 
11  illustrates  th*  growth  of  the  emissive  boundary 
with  reference  to  the  initial  center  of  emission. 
The  study  showed  that  using  cathodes  with  explosive 
emission  in  the  magnetic  field  enable  one  to  attain 
a  highly  stable  hollow  electron  beam  with  a  current 
uniformity  of  better  than  IS. 

Theoretical  [18]  and  experimental  [19]  investiga¬ 
tions  of  the  perveance  of  cylindrical  magnetically 

insulated  diode  were  cade.  The  most  important  con¬ 
clusion  of  the  theory  (using  th*  strong  guiding  mag¬ 


Kith  Tower  Cat  Lasers 

Investigations  of  pulsed  gas  discharge  lasers  sus¬ 
tained  by  an  electron  beam  were  mad*  at  th*  Insti¬ 
tute  £20-24],  Qur  array  of  electron-beam  accelera¬ 
tors  and  pulsed  power  supplies  allowed  a  parametric 
investigation  of  discharge  characteristics  (energy 
content,  volt-ampere  characteristics,  and  stag* 
volume)  to  be  mad*  over  a  wide  rang*  of  puls*  dura¬ 
tions  fro*  10“®*  to  10”4a.  Cases  studied  included: 
nitrogen,  COj  +  N't,  and  mixtures  of  noble  gases  with 
halogens  Ar  +  X*  +  NFj,  Ar  +  Xe  +  CCJg,  etc. 

Using  the  results  of  these  investigations  several 
experimental  lasers  have  been  constructed. 

(a)  "LAS-1"  -  a  laser  operating  at  atmospheric 
pressure  with  an  active  volume  of  104l.  Th*  laser 
uses  a  mixture  of  C02:  N-:  He  in  the  ratio  of  1:1:2 
An  electron  beam  was  Injected  through  an  aperture 
with  a  cross  section  of  10  x  100  cm  covered  with  a 
titanium  foil  of  SO  urn  thickness.  Kith  an  electron 
beam  density  of  1  A/ca"  and  a  Dean  electron  energy 
of  2C0  k*V  for  a  duration  of  10~®s,  th*  energy  in¬ 
jected  into  the  gaseous  volume  was  4500  J,  and  radi¬ 
ation  energy  (X  «  10.6  um)  was  500  J.  The  laser 
efficiency  was  302. 

(b)  "LAD-2"  -  a  laser  with  an  active  region 
volume  of  270  1.  The  electron-beam  cross  section 
was  30  x  300  cm.  An  electron  beam  of  0.4  A/cm”  den¬ 
sity  and  2  us  duration  was  employed  to  excite  the 
medium.  Laser  operation  was  very  stable  at  a  field 
strength  of  4.2  kV/cm  using  a  mixture  of  C02,  I-b, 


i-d  He.  Th<  paver  source  vs*  a  capacitor  bank  of 
IS  .F  capacitance  charged  to  125  kV  voltage.  The 
User  output  was  7.5  k-J,  an  efficiency  at  2SS. 

(c)  A  eunabla  CO;  laser  covering  ch*  rang*  of 
$  ca  ll  a  ac  5  at*  pressure  o£  CO;:  X;  »  l:l>  A 
smooch  tuning  va*  obcalr.ed  over  the  afoveaencioned 
spectral  rang*.  Individual  K  and  ?  branch  line* 
were  easily  identifiable  ovar  a  ranga  of  86  car*. 
Spectral  frequency  acannlng  vea  accomplished  by 
use  oi  a  diffraction  grating.  Tha  output  anargy 
danalty  el  thl*  tunable  radiation  vaa  5  J/c«*  at 
tha  llna  cantar  with  n  504  modulation  In  between 
Unaa.  ?ulia  duration  vaa  10  na. 

fd)  Several  excimer  iaaefs  art  balng  investi¬ 
gated  uhich  ara  excited  by  boch  an  electron  baa* 
and  a  auatalnad  electric  diasharga.  Using  tha  »- 
baaa  axcitad  mixture  Ar  +  Xe  CCU,  XeCl  molecule 
radiation  (X  »  308  ns)  with  a  radiation  povar  o£ 

<0  J/l  and  an  efficiency  oi  3*  vaa  obtainad. 

A  discharge  supported  by  a  50  nsac  *-b*an  enable* 
one  to  axcit*  X*F  and  XeCI  to  output  povar  oi  IQ5 
‘Jfcs}  vith  pulsa  duration  2  x  10“®s. 

Pauarful  Nano-  and  5ubnanoa*cond  X-csv  Pulses 
A  aeries  oi  a  pulsed  X-ray  aachines  vith  radiation 
energy  froa  90  to  600  k*V  va*  developed  and  aanu- 
iactured  In  the  USSR  for  flaw  detection  In  materi¬ 
al*.  The  use  of  nanosecond  puls*  generators  and 
X-ray  tubes  based  on  explosive  amission  paralttad 
the  reduction  in  overall  si:*.  Further  decreases 
in  the  nanosecond  X-ray  exictcr  sites  is  limited  by 
the  non-reproduuible  breakdown  characteristics  snd 
bv  the  value  of  the  anode-cathodc  gap  in  the  vseu- 
ua  X-ray  tube. 

Investigations  of  vacuus  diodes  in  the  subnanosec¬ 
ond  range  shoved  that  vith  puls*  duration  shorter 
than  1  ns  the  Interelectrode  gap  value  can  be  de¬ 
creased  to  0.1  -  0.2  tss  without  danger  of  its 
shorting  by  a  cathode  flare  plasma.  The  current 
ier.sitv  at  the  anode  tan  be  raised  to  10°  A/ca - 
without  the  use  of  special  focusing  devices,  end 
the  tube  vacuua  insulator  sires  can  decrease  sig¬ 


nificantly  [25].  i*  v«ra  able  to  conaerucc  a  mini¬ 
ature  X-ray  cub*  of  10  ssi  dlaaatar,  povarad  through 
a  section  at  coaxial  eabl*  (7.5  m  external  dia**tar 
and  SO  ea  In  length).  The  povar  supply  vaa  a  nano¬ 
second  generator  fro*  ch*  X-ray  device  MIR-Id  (Fig. 
12)  vhleh  charged  a  aubmnosecond  puls*  forming  lin* 
ovar  3  -  5  na,  providing  a  high  over-voltage  on 
the  sharpening  gap.  Pulsa  duration  vaa  Halted  vith 
a  crovbar  twitch. 

Xasturaaancs,  made  using  a  magnetic  analyser,  of  the 
electron  energies  in  the  tube,  shoved  chat  when 
charging  the  pule*  toning  line  to  150  kX'  for  a 
pula*  duration  v  0.5  na,  the  voltage  In  the  tubevaa 
80  -  100  kV.  Output  vaa  limited  by  line  and  sharp¬ 
ening  gap  lotaaa.  The  aaxlmus  radiation  dose  (30  ak 
per  pule*  at  ch*  diacanc*  of  1  ca  froa  ch*  anode) 
vae  ichieved  vith  an  anode-cathode  dietanc*  of  0.2 
aa.  Hevavttr,  in  some  caaes,  holes  of  0.1  -  0.15  cat 
disaster  were  produced  in  the  0.1  na  thickness  tung¬ 
sten  anode.  Increasing  the  yap  to  0.5  aa  decreased 
ch*  dose  to  25  aR/pulaa,  but  provided  a  prolonged 
operation  of  the  cub*  and  anode.  Results  did  not 
depend  on  pressure  variation  in  ch*  cube  over  the 
rang*  of  10“l  to  10-3  corr. 

In  this  regia*  the  electric-field  strength  at  the 
inner  conductor  of  the  coaxial  cable  is  1  MV/cm; 
therefore,  its  lifetime  is  Halted  to  10s  pulses,  at 
uhich  time  ch*  cable  it  replaced.  It  should  be 
noccd  chst  ch*  lapedanc*  at  a  cable  insulation 
breakdown  (tingle-channel)  is  so  high  chat  it  does 
noc  in  fact  influence  ch*  dose  value.  A  halving  of 
the  dose  per  puis*  vss  observed  only  with  the  ap¬ 
pearance  of  5  to  6  breakdown  channels. 

The  dose  value  and  small  size  of  the  tube  focus  can 
make  it  very  useful  for  flaw  detection  of  industrial 
goods  vith  boch  narrow  and  long  cavities. 
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ABSTRACT 

Recent  advances  in  high  power  switching  have  led 
to  the  development  of  new  hydrogen  thyratrons 
operating  at  high  prr  and  high  di/dt  with  low 
jitter  and  long  life. 

Short  commutation  times,  dependent  on  internal 
pressure  and  geometry,  and  on  the  method  of 
triggering,  combine  with  inductance  less  than  1/4 
nh/kv  to  give  di/dt  on  the  order  of  10*‘  amperes 
per  second.  Experimental  results  are  in  agreement 
with  those  predicted  by  newly  derived  theoretical 
models. 

Operation  at  peak  currents  up  to  75  ka  has  been 
achieved  for  10  us  pulses,  and  much  higher  cur¬ 
rents  can  be  achieved  at  shorter  pulse  widths. 

Tests  at  1  HW  of  average  power  have  verified 
thyratron  scaling  laws  at  tens  of  amperes  average 
and  kiloamperes  r.m.s.  Thyratron  operation  at 
average  power  levels  far  in  excess  of  1  HW  is 
possible. 

ISTMMCIlffll 

Hydrogen  thyratrons  satisfy  the  switching  needs  of 
many  repetitive  pulse  power  systems.  Thyratron 
designs  originally  developed  for  pulse  radar  use 
have  proven  to  be  sufficiently  flexible  to  accom¬ 
modate  a  variety  of  applications  quite  different 
from  radar  modulators.  However,  new  switching 
requirements  have  arisen  that  cannot  presently  be 
met  by  existing  switches  of  any  kind,  and  pro¬ 
jected  requirements  are  even  more  severe.  In 
general,  a  ten-fold  increase  in  thyratron  capabil¬ 
ity  is  necessary  to  meet  present  requirements,  as 
shown  in  Table  1. 

Hydrogen  thyratrons  are  desirable  in  many  new 
systems  for  the  same  reasons  that  led  to  their 
original  development.  These  are:  1)  a  repetition 
rate  capability  of  some  tens  of  kilohertz,  limited 
by  high  voltage  recovery  times  of  a  few  micro¬ 
seconds:  2)  life  of  thousands  of  operational 
hours,  not  limited  by  coulomb  or  pulse  count;  and 
3)  a  very  low  time  jitter  (less  than  1  nanosecond. 


with  a  power  gain  of  the  order  of  10-  to  10- ,  tnd 
a  stable,  very  low  conduction  iwedance. 

The  inherent  advantages  of  thyratrons  over  other 
types  of  switches  mandate  the  extension  of  thyra¬ 
tron  technology  to  much  higher  voltages,  currents, 
and  power  levels. 


Table  1.  Present  thyratron  maximum  ratings  vs. 
new  switching  requirements 


Typical 

Standard 

Thyratrons 

Immedi  .it 
New 

Requirements 

VOLTAGE  HOLOOFF  (kv) 

<45 

50  to  250 

PEAK  CURRENT  (ka) 

<5 

20  to  50 

di/dt  (a/s) 

<ioio 

0.8  tom„ 

5  x  1012 

AVERAGE  CURRENT  (Adc) 

<4 

5  to  50 

PEAK  POWER  (W) 

<2  x  10® 

109  to  I0l0 

AVERAGE  POWER  (HW) 

<0.09 

0.1  to  10 

HIGH  di/dt 

We  have  been  studying  tube  operation  at  high  di/dt 
up  to  10^2  amperes/second,  in  a  regime  where 
the  tube  itself  has  a  significant  effect  on  di/dt. 
We  have  identified,  analyzed,  and  controlled  the 
major  factors  that  determine  the  rate  of  current 
rise.  These  are:  1)  the  trigger  plasma  density 
and  distribution  at  the  onset  of  commutation 
(determined  by  the  grid  configuration  and  the 
method  of  triggering);  2)  the  plasma  growth  rate 
(determined  by  the  fill  gas  pressure);  and  3)  the 
effective  inductance  (determined  by  the  distribu¬ 
tion  of  the  internal  discharge  as  well  as  by  the 
geometry  of  the  tube  and  its  external  current 
return). 


lo 


Tricgerinq 


*o  achieve  minimum  switching  delay  and  maxisaA' 
circuit  dl/dt,  the  tube  rust  he  designed  for 
'ecu  operation  and  the  correct  method  of  trig- 
ng  »„*gt  be  used. 


'•.-tail,  tha  best  initial  conditions  for  ccmmu- 
tu'Jon,  »!»8  t:  igger  discharge  must  establish  a 
^elat. High  miasma  density  near  the  cathode 
virface.  To  obtain  low  inductance,  the  discharge 
*  ;?  be  *vcr  the  cathode  surface  to  the 

t&i.'  >',<n  oxtail.  T;  t'd  this  process,  an  auxiliary 
I  ■■  2r*s  n;;J  gr  s'  is  <.>*!.  Flqu"  1  shows 
an  e-veriMncii,  lox-lnductanc-.  'K-.ign.  The 
auxiliary  grid,  Is  located  heU'tn  the 
cathode  and  the  control  grid,  an-*  ‘ts  geemttry  is 
designed  to  confine  the  trigger  plasma  near  the 
cathode. 


To  fully  fora  the  discharge  before  commutation, 
the  auxiliary  discharge  Is  prepuHf.  kHI.  as  blob 
a  current  as  is  practicable.  We  U.-o  had  good 
results  with  an  auxiliary  driver  which  produces  an 
open  circuit  voltage  of  2  kv  with  a  source  Imped¬ 
ance  of  10  ohms,  and  a  1-vts  pulse  width.  Higher 
drive  has  not  produced  observable  Improvements 
with  3-Inch  and  4. 5-Inch  diameter  tubes. 


ANCCE 


waren 


Figure  1.  HY-5313  thyratron  cross  section. 

4  otgn  current  auxiliary  grid  preguise  is  neces¬ 
sary  but  not  sufficient  to  achieve  high  dl/dt. 
*hen  the  ion  density  near  the  grid  baffle  aper¬ 
tures  -eaches  a  hign  enough  value  (apparently  on 


the  order  of  10*-  lons/ct^),  the  tutc  will  cw- 
mutate,  regardless  of  the  state  of  the  o'sehi-j* 
near  the  cathode.  If  a  weak  auxiliary  -vturyoc  »* 
used  (e.g.,  20  to  100  ma),  triggering  den/',.-  *;1l 
not  be  reached,  and  a  separate  control  •..'*<* 
must  then  be  used  to  trigger  the  tub-  Hi's  Is 
undesirable;  w«  have  previously  report  fhat 
di/dt  Is  lower  when  the  trigger  pulse  is  t&p! in-;*’ 
to  the  control  grid  as  opposed  to  the  av"»iary 
gridU). 

On#  way  to  avoid  these  difficulties  is  ./  K*!roe> 
the  Interelectrode  spacing*  (and  ambipuiar 
sion  times)  large.  However,  long  spacings  art 
inimical  to  low  inductanct,  and  for  the  purport 
of  Increasing  di/dt,  negative  bias  can  'em  the 
same  end.  In  the  example  of  Figure  1,  the  elec¬ 
trode  spacings  are  reduced  to  2-4  aw.  To  prevent 
prmeaturt  commutation,  negative  control  grid  bias 
is  used.  Figure  2  shows  the  effect  of  bias  on  a 
sellar  (but  slightly  smaller)  tube.  The  effect 
of  the  bias  is  to  lengthen  the  time  available  fn* 
the  auxiliary  current  to  grow  and  to  spread  on 
the  cathode.  A  smell  bias  produces  a  significant 
Increase  in  di/dt. 


— {  J— TIME 


Figure  2.  Effect  of  negative  control  grid  bias  an 
anode  current  rise. 


The  increase  in  di/dt  with  increased  cconutaticn 
delay  is  in  accord  with  reasonable  plasna  proouc- 
ticn  rates  *10®  to  1C®  ions  per  second).  Calcu¬ 
lation  of  the  effects  of  bias  as  shown  in  "igure 
yields  a  22X  increase  In  di/dt:  we  have  observed 
25X  increase. 
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CoawuuUcn 

tomtit  for  “he  Cowwutatinc  Thyratron 

w«  have  now  developed  models  for  tht  hydrogtn 
thyratron  that  cm  predict  the  behavior  of 
tnyritron-sviiched  pulse  circuits.  Wt  tsstw  tht: 
th<  tnyratron  can  be  modeled  by  two  series  ele¬ 
ments:  a  constant  inductance,  dependent  only  on 
gecwetry,  and  >n  exponentially  failing  resistance 
or  voltage,  with  a  time  consta...,  xj,  dependent 
only  on  gas  pressure. 

Analytical  Approach 


This  approach  treats  the  commutating  tube  as  a 
voltage  source  (in  series  with  tne  tube's  Induc¬ 
tance)  acting  to  oppose  the  rise  of  the  circuit 
current.  The  instantaneous  source  voltage  Is 
shown  in  Figure  3. 


e(l)«V, 


Waveform  of  the  voltage  source,  e(i). 


TRANSMISSION  STRAY 

LINE  CIRCUIT 

INOUCTANCE 


Equivalent  circuit 


THYRATRON 

VOLTAGE 

DROP 


Figure  3.  Circuit  node!  of  thyratron. 


The  time  constant  xj  depends  only  on  the  gas 
pressure,  and  it  decreases  as  pressure  increases. 
Typical  values  for  xj  are  10-30  ns,  corresponding 
to  total  anode  fall  times  of  about  5-20  ns.  The 
"steady-state"  tube  drop  is  ignored,  and  e(t)  ■  0 
for  t  >  tf  whan  the  thyratron  behaves  as  an 
inductor. 


uith  standard  transient  analysis  technfdues,  this 
model  has  been  used  to  accurately  predict  the 
rising  portion  of  the  current  wavtfone,  the  tie* 
and  Magnitude  of  the  peek  current,  and  the  width 
of  the  current  pulse  for  thyratron-switched  pulse 
forming  circuits.  An  example  is  shown  in  Figure  A. 


Hiwerical  Approach 

The  numerical  approach  gives  equally  good  results 
by  treating  the  commutating  tube  as  a  tine-dependent 
resistance,  R(t),  in  series  with  the  tube  induc¬ 
tance,  If.  R(t)  is  assuoed  to  decrease  exponen¬ 
tially  and  the  differential  equation  of  the  circuit 
is  then  solved  numerically.  The  nueerica!  approach 
can  be  extended  to  more  complex  tube  models  such  as 
those  Involving  a  time-varying  discharge  diameter, 
or  to  time-varying  loads. 

Resistive  Fall  Time 


That  part  of  the  anode  fall  due  to  plasma  density 
growth  in  the  grid-anode  region  (soewtimes  called 
the  "resistive  fall  time")  is  a  strong  function  of 
the  tube's  gas  pressure,  a  trait  shared  with 
other  gas  discharge  switches. 

Figure  5  shows  the  total  voltage  fall  time  as  a 
function  of  pressure  for  several  types  of  gas 
discharge  switches  in  high  inductance  circuits. 
Although  the  data  are  imprecise,  and  various  gas 
species  are  involved,  the  relationship  evident 
over  9  decades  of  pressure  is  striking. 


TOTAL  “RESISTIVE"  FALL  TIME  (HAHOSECOHOa) 
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Figure  5.  "Resistive*  fall  time  (closure  time)  is 
a  function  of  operating  pressure  for 
virious  91s  discharge  switches. 


Using  the  analytic  aodel,  we  can  characterize 
tne  fatally  of  gas  switches,  plotting  the  average 
value  of  di/dt  per  volt  switched,  as  a  function 
jf  pressure.  Figure  6  shows  that  for  a  particular 
pressure  there  Is  a  corresponding  maximum  dl/ut 


per  volt,  forming  a  boundary  within  which  switch¬ 
ing  can  occur,  within  this  region  there  are  other 
upper  bounds  determined  by  the  Inductance.  The 
region  of  greatest  interest  lies  between  dl/dt/V 
values  of  10?  and  10*  amperes/second/volt. 

It  is  obvious  that  high  operating  pressure  is 
required  for  fast  switching,  for  hydrogen  thyra- 
trons,  this  means  0.8  torr  or  higher. 

Inductance 

Provided  that  the  initial  plasma  conditions  are 
properly  established  during  triggering,  and  that 
the  resistive  fall  Halt  Is  not  reached,  then  the 
self-inductance  of  the  tube  and  its  current  return 
will  dominate  the  switching  operation.  The  induc¬ 
tance  can  be  calculated  fro*  the  physical  dimen¬ 
sions  of  the  discharge  and  the  current  return, 
making  the  asstmption  that  the  discharge  fills  the 
tube  to  the  diameter  of  the  grid  apertures. 

To  achieve  low  Inductance,  physically  short 
versions  of  standard  tubes  have  been  built  and 
tested.  Figure  4  shows  the  results. 

In  a  low  impedance  Blumlcln  system,  we  have 
achieved  dl/dt  <  1  «  1012  amperes  per  second  at 
4?  kv  with  an  HV-5313,  consistent  with  calculated 
values.  Testing  up  to  2  kHz  and  up  to  SO  kv 
Is  continuing  with  this  system. 


Figure  5.  Units  fr.posed  on  di/dt  per  volt  due  to  cstnnutation  effects  and  circuit  Inductance. 


Further  inr  eases  in  tuba  diameter  and  improve¬ 
ments  in  geometry  are  projected  to  jive  inouctances 
of  only  t  fe«  nanohenries.  end  di/dt  per  volt 
aoproachfng  l-,5  amperes/second/volt. 


HIGH  VOlTAfiS  KSfgtS 

Hlgn  voltuge  implies  long  insulators  end  long, 
multistage  tubes  with  low  ortssurts.  tower 
inductance  and  short  commutation  times  Imply 
short  tubes  with  the  minimus  nutter  of  high 
voltage  stages,  operated  at  high  pressure.  Since 
conventional  insulators  arc  meant  to  operate  under 
adverse  environmental  conditions,  much  of  the 
necessary  reduction  In  insulator  length  Is  possible 
simply  by  using  more  highly  stressed  Insulators 
in  a  controlled  dielectric  environment. 

Pulse  Charoino 

Contend  pulse  charging,  with  only  a  short  dwell 
time  at  full  voltage,  gives  an  increase  in  dynamic 
over  static  breakdown  voltage  that  can  be  used  to 
advantage  to  reduce  insulator  lengths,  reduce  the 
number  of  high  voltage  sections,  and  increase  the 
gas  pressure.  Figure  7  shows  the  effect  at  two 
anode-grid  spacings.  The  pulse  charging  advantage 
is  clearly  seen,  giving  high  breakdown  voltages  at 
high  pressures. 

In  fast  pulse  charging,  the  applied  voltage  is 
distributed  across  the  various  stages  in  accord¬ 
ance  with  the  intereiectrode  and  stage-to-current- 
return  capacitances.  The  distribution  will  be 
nonunifonn,  with  the  highest  voltages  appearing 
across  the  upper  stages.  Figure  8,  shows  a  case 
with  constant  capacitances.  Substantially  uniform 
distribution  can  result  only  when  CjCCCj. 
Alternatively,  the  caoacitanccs  can  be  tailored  to 
provide  a  more  uniform  distribution.  The  maximum 
npy  is  thus  determined  by  the  maximum  voltage 
tolerable  by  the  upper  stage.  An  optimum  number 
of  stages  exists. 

An  important  further  set  of  compromises  in  the 
design  of  a  high  voltage,  multistage,  low  induc¬ 
tance  thyratron  concerns  the  relative  diweters  of 
the  tune  and  its  coaxial  current  return.  The 
demand  for  low  inductance  requires  a  close-fitting 
current  return,  in  conflict  with  the  need  to 
reduce  the  capacitance  to  ground.  Furthermore, 
the  dielectric  stress  between  the  current  return 
end  the  tube  becomes  significant  at  high  voltages. 
Tie  usable  tube-to-current-return  radius  ratios 
are  found  to  lie  between  1:2  and  1:4. 


Figure  7.  Anode  breakdown  voltage  with  pulse 
charging. 
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Figure  8.  Voltage  distribution  on  sxjltlstage 
tubesl 


Materials 


The  lower  Hall  for  the  stage  length,  and  thus  the 
minimus  inductance  for  4  practical  tievi.e,  Is 
partly  determined  by  the  ceramic  breakdown  proper¬ 
ties.  '-e  hive  therefore  investigated  breakdown 
for  insulators  subjected  to  spatially  nonuniform 
stress  patterns  with  high  voltage  pulses  to 
sleulite  actual  operation,  we  conclude  that 
for  tu&es  operated  In  oil,  pulse  holdoff  at  a 
ceramic  stress  of  SO  kv  per  Inch  is  acceptable. 
Curing  switching,  the  upper  sections  of  the  tube 
are  stressed  to  progressively  higher  levels,  until 
the  upper  section  oust  hold  off  the  entire  applied 
voltage,  perhaps  for  tens  of  nanoseconds.  Under 
these  conditions,  a  stress  level  of  ISO  kv/lnch  Is 
being  used  In  cur  experiments. 


Hlch  Voltace  Thyratrens 


figure  9  shows  a  design  for  a  five-stage,  250  kv 
tube  based  on  the  principles  described  above, 
ccffoared  with  a  10-stage  tube  designed  for  250  kv 
operation  in  air.  The  latter  operated  at  over 
2CO  kv,  at  high  peak  and  average  powerf4**). 

Tubes  of  the  new  design  are  expected  to  operate  at 
2S0  kv,  with  peak  currents  In  excess  of  20  ka  and 
pulse  repetition  rates  of  at  least  1  kHz.  Calcu¬ 
lated  inductance  is  less  than  £0  nH. 


sigur*  J.  10)  Conventional  and  {b}  Sow  inductance 
multistage  tubes  designed  for  2S0  kv. 


Thyratron  specifications  contain  a  'Plate  freak- 
down  Factor,*  Pb,  intended  to  Hail  anode  dissipa¬ 
tion  to  tolerable  levels.  Although  It  has  long 
been  recognized  that  this  factor  is  Inadequate  to 
describe  the  problem,  it  has  only  recently  been 
possible  to  quantify  anode  dissipation  in  high 
di/dt  circuits.  The  result  pf  our  analysis  is  to 
replace  the  old  Pb  factor  with  a  new  factor, 
defined  as 

■  voltage  t  repetition  rate  x  dl/dt 
(epy  prr  dl/dt) 

The  model  described  above  has  been  used  to  calcu¬ 
late  anode  heating  when  switchlrg  a  transmission 
line  charged  to  a  voltage,  V.  Defining  a  circuit 
time  constant,  1/2  (with  L  the  total  switch  and 
connecting  inductance,  and  2  the  total  impedance 
of  the  line  plus  the  load  directly  across  the 
switch),  w«  can  show  that  the  anode  dissipation 
energy  per  pulse,  V,  is  a  'unction  of  ?(/?(,  as 
shown  in  Figure  10,  and  tne  power  dissipation  is 
directly  proportional  to  !»b*  Anode  dissipations 
consistent  with  the  aoove  calculation  have  been 
observed  in  practice  for  tubes  operated  at  high 
dl/dt. 


Figure  10.  Anode  heating  in  a  transmission  line 
circuit. 


At  1  few  tens  of  kilovolts  with  a  fast  circuit, 
the  anode  dissipation  can  become  substantial, 
i.e.,  several  hundred  watts  per  kilohertz  of 
repetition  rate.  The  magnitude  depends  critically 
on  tj,  normally  for  thyratrens  about  20  ns 
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(corresponding  to  a  20  ns  fall  t(a«}.  This  cm  be 
reeuced  to  it  least  20  ns  it  higher  pressures 
(?0.6  torrj.  On  the  other  hind,  reaction  of 
pressure  cm  ciust  =vch  higher  t|,  with  the 
rcsuUinl  hlgn  disslpition  causing  excessive  inode 
heating.  Thyratrons  for  fist  switching  aoplica- 
tlcns  must  therefore  opente  it  relatively  high 
fill  pressures  to  minimize  mode  disslpition  is 
well  is  to  promote  high  dl/dt. 


HltiH  AV2SAGC  POWER  THYflATROltS 

The  work  performed  in  recent  high  power  devtlep- 
aent  relied  heivily  on  idvinces  aide  in  eirlier 
progrias  (3»4»M).  Oeslgning  I  thyratren 
specifically  for  pulse  power  operitlon  it  e 
aegiwitt  required  that  the  scaling  laws  for  peak 
and  average  currents  be  validated  at  very  high 
average  powers.  This  has  now  been  done  it  the 
megawatt  level(-),  and  the  way  is  now  dear  to 
switching  several  tens  of  megawatts  in  hydrogen 
thyratrons  of  relatively  modest  physical  size. 

Forward  holdoff  design  principles  for  high  power 
ire  basically  the  same  as  for  low  power.  The 
structures  used  at  i  megawatt  are  different  only 
in  their  overall  size,  heat  capacity,  and  fault 
resistance.  The  principles  for  minimizing  tube 
inductance  apply  equally  to  high  power  designs, 
and  produce  less  conduction  loss. 

Peak  Current 

Peak  current  limitations  result  from  two  effects: 
cathode  arcing  and  grid  quench ing(®»®).  8oth 
arc  pulse-width-dependent.  The  cathode  arc  limit 
current  density  varies  as  1/tpl/3,  It  is  also 
dependent  on  the  specific  resistivity  of  the 
cathode  surface^),  and  hence  on  its  tamperature 
and  state  of  activation.  With  pulse  widths  of 
about  10  as,  the  current  density  for  arcing 
(usually  at  the  cathode's  extremities}  is  usually 
30-<0  a/co3,  a  limit  now  verified  at  the  75  ka 
level. 

When  grid  quenching  occurs,  the  tube's  impedance 
rises  abruptly,  usually  resulting  in  an  arc. 
Quenching  is  pressure  and  time  dependent,  is  most 
often  seen  In  pulses  several  microseconds  long, 
and  occurs  at  current  densities  close  to  those 
calculated  to  produce  a  MHO  pinch  within  the  grid 
structure.  We  have  now  verified  a  long-standing 
design  criterion  of  10  ka/ln.2  of  grid  aperture  at 
the  75  ka  level. 


At  short  pulse  wtdtns  (100  ns  or  less),  quenching 
has  been  difficult  to  produce  and  cathode  arc 
limits  are  high.  For  example,  with  1<  ka,  50  ns 
pulses  from  a  100  ca?  cathode,  passing  through  a 
0.3  in.  grid  aperture  area,  no  arcing  occurred. 
Other  experiments  with  larger  tubes,  but  somewhat 
lower  peak  current  densities,  give  consistent 
results. 

Average  Current 

In  thyratron  ratings,  d.e.  ano  a.c.  average 
current  limitations  appear,  beyond  which  excessive 
heating  Is  likely,  causing  short  tube  life. 

Most  of  the  dissipation  due  to  d.c.  average 
current  Is  absorbed  In  the  grid  structures. 

The  greatest  burden  is  carried  by  the  control 
grid,  which  must  absorb  the  losses  cf  a  30  to 
50  volt  Langmuir  double  sheath  and  the  discharge 
column  drop  of  about  20  v/ cm,  and  some  part  of 
the  cathode  heat  as  well.  The  total  thermal 
conductivity  from  grid-face  to  external  heat-sink 
must  be  high  enough  to  prevent  any  part  of  tht 
grid  fro*  reaching  tmaperature  (><00‘C)  for  the 
grid  to  emit  and  destroy  the  tube.  Total  grid 
thermal  conductivity  thus  becomes  a  limitation  on 
the  maximum  average  d.c.  current. 

The  a.c.  average  (r.m.s.)  current  (ranging  into 
the  kiloamptres)  is  also  an  operational  limit,  due 
to  resistive  (l?R)  heating  in  the  cathode  coating 
and  its  support  and  connecting  structures.  The 
oxide  cathode  typically  used  in  thyratrons  has 
surface  resistivities  of  2-10  ohm-cn3  end 
generates  heat  over  its  utilized  area  (itself 
dependent  upon  tht  peak  current,  in  accordance 
with  the  cathode  utilization  equations^3)}. 

At  high  peak  currents,  the  r.n.s.  current  often 
becomes  tha  major  limitation.  At  short  pulse 
lengths,  when  the  discharge  may  not  be  spread  well 
on  the  cathode,  this  limit  may  become  especially 
severe,  and  resistive  heating  of  small  portions  of 
the  cathode  may  limit  the  total  average  power  that 
can  be  switcheo. 


Scaling  Relationships 

The  current-carrying  ability  of  thyratrons  depends 
primarily  on  the  grid  aperture  and  cathode  areas. 
These  in  turn  depend  on  the  tube  diameter.  Figure 
11  shows  peak  and  average  currents  feasible  with 
various  tube  diameters,  together  with  the  r.ra.s. 


current  limitations  ef  earlier  designs.  In  figure 
12,  the  behavior  for  continuous  operation  with 
pulse  widths  of  10  us  Is  used  as  a  base,  and  Is 
shewn  extended  for  shorter  pulses,  or  for  turst- 
aode  ooeratlon.  Also  shown  Is  the  predicted 
characteristic  of  a  16-Inch  diameter  tube.  Such  a 
tube  would  nave  an  arc  limit  greater  than  350  ka 
peak,  and  an  average  current  limit  of  200  amperes, 
giving  an  average  power  switching  capability  In 
the  tens  of  megawatts.  Vt  believe  that  the 
ultimate  capabilities  in  peak  and  average  current 
are  limited  only  by  the  maximum  practical  diameter 
fer  ceramic  envelcoes. 


figure  11.  Performance  vs.  site. 


CONCLUSIONS 

Hydrogen  thyratrans  can  meet  the  switching  require¬ 
ments  of  advanced  high  power  systems.  Recent 
advances  in  thyratror.  design  have  significantly 
extenced  the  fast  switching  and  high  power  capa¬ 
bilities  of  this  family  of  high  repetition  rate 
switches.  Uw  inductance  thyratrons  have  been 
built  for  high  dl/dt  operation,  the  optimum 
triggering  method  has  been  determined,  and  their 
performance  during  tommutatlon  has  been  calculated. 


Those  aspects  of  thyratron  design  that  are  con¬ 
sistent  with  high  di/dt  are  also  consistent  with 
high  power,  leading  In  both  cases  to  short 
structures  of  relatively  large  diameter,  in  which 
holdoff  Is  obtained  by  careful  control  of  insulator 
loading  and  environment.  In  prospect  is  a  new 
family  of  hydrogen  thyratrons  with  much  higher 
di/dt,  voltage,  and  power  capabilities. 
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Abstract 

Features  and  design  principles  of  the  inertial  con¬ 
finement  fusion  multi-module  "Angar*-5"  accelerator 
are  considered. 

The  computed  output  parameters  of  an  individual 
module  art  a*  follow*: 
f  •  2  M*V;  l  -  0.8  MA  ?u  «  9(7n*  V  «  injkJ 
The  predicted  output  waa  cospared  with  che  pulse- 
shaping  line  acck-up  measurements.  According  to 
the**  meesuremenc*  the  end-on  section  contributes 
21  per  cent  of  the  total  pulse-shaping  line  capaci¬ 
tance.  The  end-on  section  capacitance  was  accounted 
for  in  conputatlons  via  transmission  line  sections 
with  appropriate  lspadance  values.  The  reasonable 
choice  of  the  pulse-shaping  equivalent  circuit  vet 
confined  by  experiaental  data  and  were  in  good 
agreement  with  calculations  based  on  sytcea  design 
features. 

ASGAEA  -  5.  GENERAL  DESICN 
“B  „o 

The  10  -  10  s  pulsed  Relativistic  Electron  Beaa 

(RES)  inertial  confinement  progras  [1]  has  recently 
received  new  lspacut  due  to  che  development  of  10- 
100  TV  accelerators  [2,2].  Target  heating  requlr- 
sents  limit  che  diode  voltage  to  2  -  4  XV  such  chat 
specific  accelerators  should  have  a  low  output  im¬ 
pedance  and  generate  currents  of  107  -  10SA. 

The  problems  of  developing  a  100  TV,0.1  Oha  accel¬ 
erator  were  analyzed  in  1974  [2].  The  multi-module 
type  accelerator  was  found  to  present  aanv  advan¬ 
tages  .  The  total  independence  of  modules  and 
aodule  groups  allows  the  opportunity  for  prelimi¬ 
nary  sodule  development  and  test.  It  ensures  over¬ 


all  facility  safety  in  cast  one  of  che  modules  brsals 
down.  The  facility  shall  consist  of  several  tens  of 
identical  modules  such  chat  it  will  be  possible  to 
utilise  already  well  developed  1-2  Ohn  output  ac¬ 
celerator  technology.  The  omission  of  on*  or  a  few 
modules  would  result  in  an  insignificant  total 
power  decrease.  So,  in  principle,  experiments 
should  not  be  interrupted  during  repair  and  main- 
tainence  operations.  These  cortlderaclons  have 
caused  the  multi-module  design  of  “Angara  -  5“  de¬ 
veloped  by  the  Z.V.  Eure'  acov  Institute  of  Atomic 
Energy  and  the  D.V.  Efremov  Institute  of  Eleccro- 
Physlcel  Apparatus. 

The  Angara-5  accelerator  is  designed  for  target 
heating  experiments  using  46  REB  generator  modules. 
The  latter  are  located  around  the  explosion  chamber 
in  a  two-floor  structure  with  24  modules  on  each 
floo.*.  Tli*  total  beam  energy  is  4.6  MJ.  The  half- 
width  beam  duration  is  90  ns.  The  total  beam  cur¬ 
rent  is  up  to  40  MA  with  diode  voltages  up  to  2  MV. 
Fig.  1  shows  the  general  accelerator  lay-out.  There 
is  a  6  u  diameter  explosion  chamber  in  the  center. 
Two  possible  ways  of  transporting  the  REB  energy  to 
the  central  target  surface  inside  the  chamber  are 
being  considered.  The  first  is  based  upon  vacuum 
transsdsslon  lines,  >*hich  may  be  disc-shaped.  The 
REB  energy  is  transported  along  these  disc-shaped 
lines  towards  the  diode  in  which  the  external  tar¬ 
get  shell  represents  the  anode.  The  required  10^ 

•> 

W/em*  energy  flux  along  the  line  can  be  achieved  at 
«E  ■  CMV/cc  average  field  inside  che  line  which  is 
feasible  due  to  the  magnetic  self-insulation  [4], 

An  alternative  transport  scheme  would  involva  che 
production  of  an  inertially  confined  relativistic 


electron  sheath,  the  beam  being  Injected  into  the 
sheath  making  uae  o f  external  cusp  magnetic  {laid* 

ri]. 


carnally  triggered.  Transverse  resistive  coupling* 
arc  pcovidad  co  improve  the  switching  rang*  of  cha 
central  condantar  array. 


Tha  beam  anargy  arrives  ac  cha  explosion  chamber 
along  magnetic  self-insulation  vacuus  lines  having 
a  39  ca  dlasecar  and  3.5  a  langch.  Tha  line  lengch 
lx  determined  by  cha  high-voltage  diode  inaulacor 
lire  (tsxualng  a  40  kV/ca  permissible  surface  elec¬ 
tric  field).  The  electric  field  in  cha  vacuus  line 
Is  2  MV/ca.  Tha  vacuus  line  lapadance  vaa  calcu¬ 
lated  according  co  cha  Srlllouin  electron  flow  in 
cha  gap  [6,7]. 

Tha  high-voltage  diodes  are  connected  co  pulsa¬ 
xhaping  Slusieln  lines  via  water-insulated  cransais- 
sion  lines.  Tha  cransaisslon  linn  dlasecar  Is  1.2s, 
lex  langch  being  5  a  due  co  cha  Marx  generator  slxa. 
Tha  2.5  a  dlaaerer  water-filled  31uslaln  lina  has  a 
60  ns  electric  length  (L  *  l  a)  and  a  2  Oha  ouepue 
ispedance.  The  Marx  genaracor  tank  has  a  3.2  a 
diaeecar  and  transformer  oil  is  used  as  insulation 
in  cha  Marx  genaracor. 


-  5"  EXPEAIMEitTAL  MODULE 

Lac  us  consider  in  sore  detail  cha  "Angara-5"  ac¬ 
celerator  nodule.  In  order  co  lower  the  voltage 
gradients  along  the  dielectric  dlaphragss  and  across 
the  switch  gaps  as  well  as  co  Improve  the  operation 
reliability,  it  was  decided  co  use  a  Slualtln  type 
pulse-shaping  line.  This  choice  has  resulted  In  a 
larger  nodule  diameter  and  somewhat  sore  sophisti¬ 
cated  design.  Fig.  2.  presents  a  cross-section  of 
an  experimental  "AMCARA-5"  nodule.  This  nodule  has 
been  assembled  at  the  I.V.  Kurchatov  IAE. 

The  M»rx  generator  1  consists  of  three  parallel 
circuits.  Each  circuit  consiscs  of  16  stages. 

Each  stage  contains  four  0.6  uF,  100  kV  condensers 
connected  In  a  parallel-series  configuration  and 
are  charged  up  to  ;  39  kV.  The  stages  are  placed 
inside  m  diacecer  voltage-grading  rings.  Marx 
generator  switching  is  achieved  with  field  dlscor- 

•% 

non  .ulccn-gaps  pressuriacu  with  SF^  ac  *•  d  kg/cn*. 
as  the  condensers  are  tightly  packed  with  a  result¬ 
ing  bad  scrav  capacitance  ratio,  the  gaps  are  ex- 


The  Mxrx  generator  parameters  are  the  following: 
35.7  n?  capacitance,  2.67  If?  peak  voltage,  305  kJ 
scored  energy.  Fig,  3  shows  the  assembled  Marx 
generator  outside  Its  container. 


The  Slualein  line  7  is  charged  via  two  conductors 
3.  The  conductors  pass  through  section  6,  separat¬ 
ing  the  Marx  generator  from  the  line.  The  dielec¬ 
tric  diaphragm  electric  fields  are  computed  to  be 
up  to  90  kV/ea.  In  order  co  use  the  volume  of  the 
line  in  the  optimum  manner  the  wave  Impedances  of 
the  ouctr  and  Inner  lines  were  chosen  dlfferenc, 
namely  0.32  and  1.3C  Ohm.  The  intermediate  elec- 
rode  chlekneea  and  end-on  curvature  radii  were 
chosen  in  accordance  with  coepuced  admissible  elec¬ 
tric  fields  in  water.  The  coepucmcions  were  based 
upon  the  following  relations  [3]  for  fields  30S  be¬ 
low  the  breakdown  limit 


■  <  0-71 

’+"".1/3  <0.06 
eff  off 


MV/ca: 


<  0.62 
“  .1/3  .0.06 
“  eff  5  eff 


MV/ca 


The  internal  electrode  diameter  Is  169  ca  and  ch* 
Intermediate  electrode  chickr.esa  is  16.5  ca.  This 
high  eleccrode-diamecer  over  line-length  ratio  re¬ 
sults  in  considerable  edge  contribution  to  the  to¬ 
tal  line  capacitance.  Mock-up  measurements  indicate 
chic  the  end-cn  sections  contribute  21  per  cent  of 
the  76.5  nF  total  line  capacitance.  The  inner  line 
and  outer  line  capacitances  are  30  nF  and  66  r.F  res- 
nectively.  The  inner  line  is  charced  via  conductor 
5  which  serves  to  inductive1 y  decouple  both  tines. 
’rhe  line  is  switched  with  10  gas-filled  triggered 
switches  6  located  ac  the  Inner  line  edge.  Thehirh- 
voltage  triggering  pulses  are  supplied  via  10  cables 
passing  lnslds  the  conductor  5. 

Prepulse  Is  suppressed  by  a  multi-channel  ges-fill- 
ed  spark  yap  3  fallowing  the  30  r.F  csoacitance  line 
section.  The  capacitance  across  the  spark  tao  Is 
63  ;.F.  The  spark  gap  is  followed  bv  a  6.0  a  lone 
vacer  transmission  line  9  which  serves  as  a  trans- 


former.  The  SO  nH  inductance  high-voltage  diode 
10  is  of  quasi-planar  shape.  The  diode  is  followed 
by  a  magnetically  self-insulated  vacuus  line  11. 

Ce=pu:a:lon*  of  line  charging  and  (witching  were 
performed  to  esclnate  the  pulie  shape,  the  effi¬ 
ciency  of  energy  transport  from  the  Marx  generator 
to  the  load  and  the  prepulae  level,  the  latter 
being  of  lsportance  for  normal  vacuus  lino  and 
dlodo  operation.  The  5F^  filled  aultch  spark  chan¬ 
nel  resistance  was  eosputad  according  the  Iragln- 

skii  formula  [9]  , 

.  «  »  h  (2) 

r  r,3dt 

c* 

The  vacuus  line  load  was  assumed  co  correspond  to 
the  minimal  aagnecle  self-insulation  current  In  the 
flux  limited  reglse  at  U  •  2  XV.  The  validity  of 
the  latter  assumption  follows  fros  the  practically 
linear  dependence  upon  voltage  for  U  >  0.5  XV. 

Fig.  l  presents  the  charging/avicching  seheae  tak¬ 
ing  into  consideration  the  above-cited  nodule  para¬ 
meters.  The  charging  computation  take*  Into  ac¬ 
count  the  condenser  resistivity  which  was  calculat¬ 
ed  froo  the  attenuation  decrement  naar  the  lower 
self-frequency  of  chc  circuit  of  Tig.  1. 

The  Marx  gencracor-tc-llne  energy  tranafer  efficien¬ 
cy  was  found  co  be  up  to  73S.  The  charging  lint 
voltage  is  2.6.  MV.  The  voltage  across  tha  prepu’ee 
spark  gap  la  200  k'.'.  The  diode  prepulse  is  plotted 
versus  time  in  Fig.  2.  The  diode  prepulse  tsagni- 
tude  v  200  V  is  low  enough  to  allow  chc  use  of  shott 
inter-electrode  gaps. 

The  effect  of  edge  sections  was  accounted  for  in 
the  calculations  by  introducing  special  line  sec¬ 
tions.  Fig.  6  presents  the  computational  section¬ 
ing  of  the  Blumlein  line.  The  effective  line  length 
ie<Cf  was  found  fson  the  relation 

C  -  O) 

•  oc 

with  s  representing  the  wave  Impedance  of  the  line. 
The  resistance  and  inductance  of  the  Slualtin  line 
spark  gaps  were  computed  according  co  the  Sragin- 
skii  formula.  The  number  of  spark  channels  in  each 


spark  gap  was  varied  in  the  calculations.  The  cos- 
puced  pulse  shape  of  Fig.  7  was  compared  with  line 
mock-up  measurements.  The  mock-up  switching  re¬ 
sistivity  was  chostn  equal  to  chat  of  spark  gaps 
ICO  ns  after  triggering.  t'.e  good  agreement  between 
computation  and  measurement  hat  corroborated  the 
reasonable  choice  of  the  pulse-shaping  scheme.  The 
tain  result  of  computations  are  pulse  lengths  up 
to  90  ns  and  pulse  power  modification  due  to  edge 
capacitance  effects. 


Fig.  8  presents  the  computed  pulse  shape  and  diode 
energy  deposition  for  a  20  nH  diode  inductance. 
Calculations  show  that  the  channel  number  should  ex¬ 
ceed  2  -  6  to  limit  losses  in  the  spark  gaps.  A 
further  channel  number  increase  does  not  substanti* 
ally  lmprovt  the  pulse  parameters. 


So  the  "  Angara-2  "  module  should  bo  able  to  are- 
duee  *  U  »  2  MV,  I  «  0.8  HA,  r.  -  90  ns,  total  tner- 
ay  per  pulse  (Cor  c  £  110  ns)  la  102  JU  for  a  con¬ 
stant  Pj  -  2.2  Ohm  lrroedancc.  The  Marx  generator  - 
to-beac  energy  tranafer  efficiency  is  33  per  cent. 
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Abstract 

The  laser  fusion  effort  at  the  Los  Alamos 
Scientific  Laboratory  (LASL)  has  evolved  from 
early  experiments  with  an  electron-beam-con- 
trolled  large-aperture  COg  laser  to  the  massive 
engineering  task  of  designing  and  building  a 
IGO-kJ  laser  fusion  machine. 

The  design  of  Antares  is  based  on  the  design 
of  its  predecessors.  It  builds  upon  technology 
which  was  developed  or  advanced  during  the  design 
and  construction  of  earlier  machines.  On  one 
hand  it  is  dictated  by  the  requirements  for  the 
output,  i.e.,  energy  on  target;  on  the  other  hand 
it  is  limited  by  existing  technology  or  reason¬ 
able  extensions  thereof.  Reliability  and  main¬ 
tainability  play  important  roles  in  the  design 
considerations. 

Introduction 

The  goal  of  the  Laser  Fusion  program  is  to 
achieve  inertially  confined  fusion  for  cocmerclal 
and  military  applications.  The  high-power, 
short-pulse  COg  laser  developed  at  LASL  lends 
Itself  very  well  to  this  task  because  of  the 
high  efficiency  and  capability  to  operate  at 
high  repetition  rates.  The  100-kJ  Antares 
laser,  tha  fourth  step  In  the  LASL  development, 
is  designed  to  provide  this  laser  power  for 
scientific  breakeven  experiments  in  1984.  This 
paper  gives  a  brief  overview  of  the  evolution, 
design,  and  construction  of  Antares  as  a 
background  for  a  number  of  detailed  papers 
presented  elsewhere  at  this  conference. 
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As  we  are  gradually  getting  more  used  to  the 
idea  of  very  large  COg  fusion  lasers  Antares  be¬ 
comes  more  tractable  in  its  enormous  size  ane 
complexity.  Less  than  a  decade  ago  the  concept 
of  such  a  large  machine  would  have  been  unthink¬ 
able.  However,  development  took  place  at  a  fast 
pace  and  what  seemed  to  be  an  unlikely  adventure 
then  is  now  rapidly  becoming  a  reality.  The  ev¬ 
olution  began  with  the  departure  from  the  double¬ 
discharge  laser. 

The  double-discharge  laser  Is  the  kind  of  de¬ 
vice  upon  which  one  would  not  hesitate  to  base 
the  construction  of  a  large  reliable  gas  laser 
facility.  It  is  simple,  rugged,  inexpensive,  and 
easy  to  operate  and  maintain.  Unfortunately,  the 
laser  energy  output  and  the  maximum  aperture  of  a 
single  cavity  are  relatively  small.  The  size  is 
limited  by  a  gap-pressure  product  of  about  20-cm- 
atmospheres  compared  to  about  75-cm-atmospheres 
for  an  electron-beam  sustained  COg  laser. *  8y 
way  of  comparison,  the  Lumonics  620  can  generate 
a  short  pulse  of  <100  J  with  an  aperture  of 
10  x  10  cm.  Translated  into  the  energy  require¬ 
ment  of  100  kJ  for  Antares,  this  would  mean  a 
system  of  1000  beams  and  cavities.  Such  a  large 
nuriber  of  components  and  subsystems  makes  the 
facility  reliability  almost  automatically 
questionable. 

One  way  to  overcome  this  problem  and  provide 
for  a  stable,  large-aperture  discharge  is  to  feed 
an  externally  generated  electron  beam  into  the 
cavity.  In  this  way,  the  generation  of  ionizing 
electrons  and  the  control  of  their  energy  and 
density  is  separated  from  the  parameters  of  the 
cavity.  To  build  and  operate  such  an  electron- 
beam  controlled  COg  laser  was  successfully 


attempted  it  AVCO  and  at  IASL  in  1970. 2  Tht  suc¬ 
cess  of  this  approach  opened  the  door  for  the  de¬ 
velopment  of  large-aperture,  high-energy  CO.,  la¬ 
sers  for  ccmercial,  military,  and  fusion  appli¬ 
cations.  The  number  of  cavities  for  a  given  re¬ 
quirement  for  total  energy  and  beam  size  could  be 
reduced  considerably. 

To  initiate  fusion  experiments  with  a  short- 
pulse  COj  laser,  a  single-beam  system  was  de¬ 
signed  and  built  at  LASL  in  1971. 3  It  employed 
for  all  its  amplification  stages,  high-power 
electron-beam  controlled  discharge  cavities  (fig. 
1).  Table  1  shows  the  characteristic  features  of 
that  system. 

The  electron-gun  energy  was  delivered  by  Marx 
generators  which  were  allowed  to  AC  decay.  The 
pulse  was  terminated  by  diverter  switches.  The 
discharge  chamber  of  the  final  amplification 
stage  was  powered  by  an  1C  generator  with  a  di¬ 
verter  switch  for  pulse  termination. 

Based  upon  the  experience  with  the  low-energy 
single-beam  system,  a  dual-beam  module  (Gmmini) 
was  designed  and  built  in  1974. ^  The  design  of 
Gemini  and,  subsequently,  Helios  follows  in  prin¬ 
ciple  the  single-beam  design.  The  main  differ¬ 
ences  are  found  in  the  employment  of  one  elec¬ 
tron-beam  gun  for  two  pumping  chambers,  the 
triple  passing  of  the  gain  region,  and  the  larger 
aperture  (14  inches  vs  10  inches),  Fig.  2.  One 
of  the  major  difficulties  resulted  from  the  use 
of  a  large-area  hot  cathode  in  the  electron-beam 
gun.  The  large  amount  of  heat  deposited  in  the 
gun  chamber  and  the  thermal  distortion  of  the 
cathode  itself  proved  difficult  to  handle.  The 
development  and  subsequent  Introduction  of  the 
cold  cathode  overcame  all  these  problems.®  The 
cold  cathode  employs  an  arrangement  of  thin  tan¬ 
talum  foils  which,  upon  ignition,  generate  plasma 
sites  that,  in  turn,  serve  as  electron  emitters. 
Performance  data  of  Gemini  are  listed  in  Table 
i:. 

To  generate  a  10-kJ  laser  pulse,  four  dual- 
beam  Todules  were  combined  into  an  eight-beam 


system,  Hellos  (rig.  3).  Helios  became  opera¬ 
tional  in  April  1978  and  delivered  a  subnanosec¬ 
ond  pulse  of  10.7  kJ  Into  a  calorimeter  in  June 
1978.® 

The  electron  guns  for  Gemini  and  Helios  were 
also  driven  by  Marx  generators  with  diverter 
switches.  The  discharge  charters  for  Gemini  were 
powered  by  LC  generators  with  diverter  switches; 
those  for  Helios  by  Marx  generators  employing 
two-mesh  type-C  PFK's  in  each  stage. 

Antares  Design 

Requirements.  Whereas  the  single-beam  fa¬ 
cility,  Gemini,  and  Hellos  were  designed  for  ab- 
sor'tion  and  compression  experiments,  the  goal 
for  Antares  Is  to  achieve  breakeven,  i.e.,  the 
energy  production  of  the  target  should  equal  or 
exceed  the  energy  input  to  the  target.  Antares 
is  designed  to  produce  various  pulse  durations 
and  output  powers,  ranging  from  a  power  of  1GO  TV 
with  a  pulse  width  of  1  ns  to  a  power  of  200  TU 
with  a  pulse  width  of  1/4  ns.7  To  achieve  this 
and  also  leave  room  for  considerable  uncertain¬ 
ties  in  the  expected  performance  the  Antares  de¬ 
sign  allows  for  good  margins  in  the  critical 
areas.  Table  III  is  a  suenary  of  the  performance 
requirements  and  design  margins  for  Antares. 

The  design  of  Antares  departs  from  that  of 
its  predecessors.  The  large  number  of  beams  (72) 
called  for  "electron-beam  gun  economy."  Thus,  12 
beams  were  combined  in  an  annulus  around  a  single 
electron  gun  to  form  a  17-kJ  power  amplifier  mod- 
ule.  A  more  efficient  Helium-free  gas  mix  was 
chosen  (COgsNg^rl).  A  grid  was  introduced  in 
the  electron  gun  to  provide  voltage  independent 
electron-beam  density  control  and  accommodate  tha 
requirement  for  a  considerably  lower  electron- 
beam  density  for  the  new  gas  mix  (50  mA/cm*  vs 
500  mA/cm2  for  Helios).®  To  reduce  the  likeli¬ 
hood  of  prepulse  parasitic  oscillations  the  gain 
region  was  pumped  faster  and  the  distance  between 
power  amplifier  and  target  was  increased  substan¬ 
tially.  The  major  differences  are  listed  in 
Table  IV. 


TABLE  l 

CHARACTERISTIC  FEATURES  OF  THE  51KGLE-5EAK  SYSTEM 


Parameter 

Stages  1  and  2 

Stage  3 

Stage  4 

Electron  Seam 

Energy 

120  kV 

155  kV 

250  kV 

Current 

100  A 

SCO  A 

1500  A 

Current  Density 

0.12  A/e*5 

0.60  A/cm5 

0.27  A/oa5 

Gas 

Pressure 

SCO  torr 

1800  torr 

1400  torr 

Electric  Field 

4.3  kV/cm-at* 

3.8  kV/ca-atm 

3.5  kV/ca-atm 

Current 

5  COO  A 

16000  A 

50000  A 

Current  Density 

6.3  A/an 2 

20  A/ca5 

9  A/cm5 

Gain  (P-20) 

0.051  cm'1 

0.049  ca'1 

0.03  ca'1 

J/llter-ata 

ISO 

150 

85 

9J0)E, 

Efficiency  37^ 

3.2X(x  1/5) 

TABLE  II 

PERFORMANCE  OATA  OF  A  HELIOS  DUAL-BEA".  MODULE 


Optical  Design  (etch  beam) 
Aperture 
Gain  Length 
Operating  Pressure 
Gas  Mixture 
Gain 

Energy  Output 


34 -ca  diameter 
ZOO  cat 
1SOO  torr 
l/<:l:3/K2:C02:He 
4i/cm  (P-20,  10  urn) 
1250  J 


Electrical  Design 

Discharge  Voltage 
Discharge  Current 
Pulse  Length 
Energy 


300  kV 
100  kA 
3  vs 

150  J/l-atsi 


Electron-Beam  Voltage 
Electron-Beam  Current  Density 
Pulse  Length 
Emitter 


250  kV 
0.3  A/an2 
5.0  vs 

0.013-cm-thlck  Ta  foil 


TABLE  HI 

ANTARES  SPEC IFICATIOKS 


Power  Amplifier  Parameter 
Mixture 
Pressure 
(90  -  a)L 
£lettrical  Store 
Optical  Aperture 


MAJOR 

Change _ 


Longer  distance  between 
power  amplifier  and  target 

Faster  pooping  to  peak 
gain 


Different  gas  mix  in 
power  amplifier 

Annular  arrangement  of 
cavities  around  e-gun 

Employment  of  current 
control  grid  in  e-gun 

larger  exit  window  diameter 


Higher  discharge  voltage 
Higher  e-gun  voltage 


ICO  ltd  at  Target  l-ns  pulse 
50  kJ  at  Target  0.25-ns  pulse 


Design  Point 
C02:N2/4-.l 

1800  torr 

6.0 

s.4 

60, 5  a  cm2 

Oeslon  Margin 

25*  (2250  torr) 

25*  (7.5) 

25*  (7.2  MJ) 

13* 

DIFFERENCES 

TABLE  IV 

BETWEEN  ANTAKES  ANO  HELIOS 

Antares  vs  Helios 

Reason 

200  ft 

20  ft 

Longer  buildup  tine  of 
prepulst  parasitics 

1.5  us 

3  US 

Shorter  tine  available  for 
build-up  of  parasitic  oscil¬ 
lation,  higher  efficiency 

COjiNj 

4:1 

C02:N2:He 

4:1:12 

Higher  efficiency, 
no  helium  handling 

Number  of  cavities  per  gun 

12  2 

Fewer  guns,  large  annular 
optics,  fewer  beams 

E-bean  current  density 

50  srt/cm2  0.5  A/cm2 

Different  gas  mix  requires 
lower  e-beam  density, 
better  density  control 

13" 

16" 

Availability  f  larger 
salt  windows 

550  kV 

330  kV 

Gas  mix  with  higher  impedance 

SCO  kV 

SCO  kV 

Gas  mix  with  higher  density 

Q 

Miter  Umitjtiont.  Tht  most  important  lim¬ 
itation  in  the  design  of  Antares  Is  ootical  in 
nature.  A  window,  transparent  to  10.6-un  light, 
is  necessary  between  the  high-pressure  (1800  torr) 
discharge  cavity  and  the  low-pressure  (10’®  torr) 
target  chamber.  The  best  window  material  avail¬ 
able  is  had  and  the  largest  site  windows  cade  to 
date  have  a  diameter  of  IS  inches.  This,  coupled 
with  a  safe  Halt  for  the  energy  flux  of  a  1-ns 
pulse  of  about  2  J/c*2,  dictates  the  number  and 
aperture  of  the  laser  beams. 

The  mirrors  are  cade  of  copper-plated  alumi¬ 
num  by  a  micro-machining  process.  They  have  no 
influence  on  the  selection  of  the  beam  number  but 
limit  the  smallest  size  of  the  turning,  folding, 
and  focusing  mirrors,  and  thereby  the  size  of  the 
space  frame,  target  chamber,  and  turning  towers. 
The  inability  to  fabricate  very  large  mirrors  had 
one  other  effect  on  the  final  Antares  design. 
The  original  plan  to  use  annular  optics  was  aban¬ 
doned.  This  would  have  had  the  advantage  that 
only  6  instead  of  72  independent  laser  beams 
would  have  hid  to  be  managed. 

Having  chosen  an  annular  arrangement  of  the 
discharge  cavity,  one  additional  limitation  is 
imposed  by  the  maximum  permissible  azimuthal  mag¬ 
netic  field  in  the  electron  gun  as  well  as  in  the 
cavities.  Axial  feed  currents  to  the  gun  and 
cavities  increase  with  axial  length.  The  accom¬ 
panying  azimuthal  magnetic  field  deflects  elec¬ 
trons  away  from  the  feed  end  and  causes  non-uni¬ 
form  gain  in  the  cavities.  Requiring  a  certain 
degree  of  gain  uniformity  limits  the  length  of 
the  gun  and  an  individual  cavity.  As  a  result, 
the  Antares  gun  is  fed  from  both  ends  and  each 
cavity  is  subdivided  into  four  sections. 

The  worst  enemies  of  the  high-energy  gas 
laser  are  parasitic  oscillations  which  can  de¬ 
velop  from  spontaneous  photon  emission  In  the  op¬ 
tical  system  prior  to  the  actual  shot.  They  can 
damage  optical  elements,  cause  a  loss  of  energy 
and  deposit  prepulse  energy  on  the  target  and 
thus  destroy  it. 

To  prevent  these  oscillations  the  gain-length- 
time  product  of  each  amplifier  cavity  has  to  be 
kept  below  a  safe  value.  Computational  analysis 


and  experimental  evidence  limit  the  single-pass 
gain-length  in  i  doublt-pass  optical  design  for 
»ht  power  amplifier  cavity  to  gl  <  b  for  a  1.5-ux 
pumping  pulse.  As  a  consequence  a  higtt  input 
energy  of  90  J  per  power  amplifier  it  required 
which  makes  a  powerful  electron-beam  controlled 
amplifier  necessary  for  the  output  stage  of  the 
front  end. 

Tht  Antares  facility.  Host  of  tht  Antares 
design  is  now  completed  and  tht  major  portion  of 
the  hardware  is  under  procurement.  The  buildings 
arc  all  under  construction.  A  model  of  the  en¬ 
tire  facility  is  shown  in  Fig.  4.  One  recognizes 
clockwise  from  tht  upper  left  corner,  the  ware¬ 
house,  the  facilities  support  building,  the  laser 
and  tnergy  storage  hall,  the  target  building,  the 
mechanical  equip  tnt  building,  nnd  tht  office 
building.  The  front-end  room  is  located  under¬ 
neath  the  laser  hall.  Figure  5  is  a  view  of  the 
laser  hall  with  the  6  power  amplifiers  and  24 
energy  storage  units.  Figure  6  gives  a  clearer 
picture  of  the  target  chamber  and  tht  six  beam 
turning  towers. 

The  generation,  amplification,  and  transport 
of  the  laser  beams  is  schematically  shown  in 
Fig.  7. 

The  Antares  front  end  (Fig.  8)  generates  six 
beams  with  an  aperture  of  15  x  15  cm  and  tnergy 
of  225  J  each  (of  this,  only  SO  J  are  utilized  in 
an  annular  beam  with  9-cm  i.d.  and  15-cm  o.d,}. 
Six  oscillators  are  used  to  generate  six  tunable 
beams  which  are  combined  into  one  single  beam. 
In  addition  to  six  switchout  Pockels  cells  there 
are  four  Pockels  cells  in  series  to  provide  a 
contrast  ratio  (energy)  of  approximately  2.4 
x  1012.  Amplification  is  achieved  with  two 
double-discharge  amplifiers  and  three  dual-beam 
modules.  The  dual-beam  amplifiers  are  very  sim¬ 
ilar  to  the  Gemini  and  Helios  amplifiers  but 
smaller  in  size. 

The  5  beams  are  directed  upward  into  the 
power  amplifiers  which  split  each  beam  in  12  ways 
and  provide  the  final  two-pass  amplification 
(Fig.  9).  As  indicated  above,  each  power  ampli¬ 
fier  consists  of  one  central  electron-beam  gun 


26 


surrounded  by  12  discharge  chambers.  Because  of 
signetic  field  limitations  the  gun  is  fed  tri- 
axially  fro*  both  ends  and  the  discharge  chac- 
birs  are  sectioned  with  a  rt-ulting  total  of  4$ 
chambers.  Two  arlauthally  adjacent  chambers  are 
fed  electrically  through  one  coaxial  able  with 
a  voltage  of  550  kV  and  a  current  of  40  kA.  The 
gun  is  directly  connected  to  the  gun  pulser  which 
provides  a  gun  voltage  of  up  to  SCO  kV,  a  grid 
voltage  of  about  400-500  kV,  and  a  cathode  cur¬ 
rent  of  40  kA.  7he  output  laser  beams  pass 
through  12  salt  windows  into  the  low  pressure  op¬ 
tical  section  where  they  are  combined  into  one 
innular  beam  with  the  help  of  a  periscope  mirror 
pair. 

The  annular  beam  is  then  transported  through 
an  evacuated  beam  tube  into  the  target  building. 
It  is  turned  by  a  set  of  turning  mirrors  into  the 
target  chamber.  This  is  done  to  prevent  back 
streaming  of  neutrons  into  the  laser  hall.  Inside 
the  cryogenics! ly  pumped  target  vacuum  chamber  a 
space  frame  supports  a  second  set  of  flat  turning 
mirrors  and  a  set  of  focusing  mirrors.  A  typical 
bean  pass  in  the  target  chamber  is  shown  in  rig. 
10.  The  distance  between  the  focusing  mirrors 
and  the  target  is  approximately  1.61  m. 

Pulsed  electrical  energy  has  to  be  delivered 
in  different  shapes  and  at  many  different  places 
throughout  Antares  (Fig.  11). 

The  switchout  cells  require  a  very  small 
amount  of  energy  (approx.  10  kJ)  and  a  relatively 
lew  voltage  (12  to  25  kV).  However,  the  risetime 
of  the  voltage  pulse  into  10  parallel  50-ohm 
loads  (Pcckels  ceil  plus  cable)  has  to  be 
tr  <1  ns  and  the  jitter  between  cells  has  to 
he  <50  ps.  This  requirement  will  be  met  by 
using  one  fast  multi-channel  spark  gap  to  ener¬ 
gize  all  cells.  Delays  between  cells  will  be 
achieved  through  different  lengths  of  very  low 
loss  cables. 

The  preamplifiers  require  the  following  en- 
a-gy,  voltage,  current,  and  pulse  duration: 
Lunonics  X-9225:  160  <3,  40  kV,  2  kA,  3  ps 
.umonics  602:  1540  <3,  150  kV,  7.5  kA,  3  ps 

The  Lunonics  K-S225  is  also  operated  at  a  repeti¬ 
tion  -ate  of  3  ops  for  alignment  purposes. 


The  three  electron  guns  of  the  driver  ampli¬ 
fiers  are  fed  from  a  common  Marx  generator  with 
an  energy  of  2S  kJ  and  open-circuit  voltage  of 
630  k‘/.  The  single-mesh  1C  Marx  Is  matched  to 
the  gun  impedance  and  produces  a  slightly  oscil¬ 
latory  current  with  a  half  period  of  17  us  and  a 
peak  value  of  10  kA. 

Each  of  the  six  driver  amplifier  pumping 
chambers  is  driven  by  a  similar  single-mesh  Marx 
as  above  (25  kJ,  630  kV)  with  a  peak  current  of 
48  kA  and  a  half  period  of  3.S  us. 

Each  electron  gun  of  the  power  amplifier  is 
energized  by  a  10-stage  Marx  generator  (70  kJ, 
600  kV,  40  kA)  which  is  allowed  to  RC  decay.  In 
view  of  the  varying  requirements  for  electron-gun 
voltage  and  Impedance,  this  is  considered  the 
best  solution.  In  an  earlier  design  stage  the 
gun  pulser  was  an  Impedance  matched  A-type  net¬ 
work  with  a  peaking  circuit  to  provide  fast 
rising  voltage  for  uniform  gun  ignition.  The 
Marx  generator  f eeds  both  ends  of  the  electron 
gun  where  one  side  is  connected  through  a  tunable 
inductor  to  achieve  current  symmetry  in  the  gun 
(Fig.  12). 

Each  power  amplifier  section  (12  annular  cav¬ 
ities)  Is  energized  by  a  10-stagc  Marx  generator 
with  an  open-circuit  voltage  of  1.2  MV,  an  energy 
of  300  kJ,  and  an  LC  impedance  which  is  approxi¬ 
mately  matched  to  the  load.*0  The  short-pulse 
duration  calls  for  a  low  generator  inductance  of 
about  3  pH,  which  is  accomplished  through  mul¬ 
tiple  zig-zag  folding  of  the  Marx  (Fig.  13). 
Each  Marx  is  connected  via  6  coaxial  cables  to 
12  anodes.  The  cables  are  dry-cured  standard 
(145  kV)  utility  cables  which  have  been  tested 
for  a  pulse  voltage  of  1  MV. 

Because  of  the  complexity  of  the  Antares  sys¬ 
tem  there  exists  also  a  very  large  and  complex 
optical  alignment  system  which  is  not  discussed 
in  this  presentation.  The  electronic  control 
system  is  based  on  a  computer  hierarchy  (Fig.  14). 
A  network  of  computers  permits  control  of  individ¬ 
ual  systems  or  bean  lines  in  a  stand-alone  node  or 
the  coordinated  control  of  the  entire  facility. 
Low-level  control  is  achieved  with  microcomputers 
(LSI-11)  and  intermediate-level  or  high-level 


control  with  minicomputers  (POP-11/34,  60  and  70). 
To  avoid  the  typical  problems  of  transient  inter¬ 
ference  in  a  high  pulsed  electro-magnetic  environ¬ 
ment  all  computers  and  computer  interfaces  are 
heavily  shielded  and  all  signal  transaission  takes 
place  via  fiber  oetic  cablet.  A  typical  fiber¬ 
optic  link  is  shown  in  Fig.  15.  It  consists  of  a 
signal  generator  (Pearson  current  transformer), 
an  electro-optic  converter,  the  fiber-optic  cable, 
and  an  ooto-clcctric  converter. 

Status  of  the  Antares  Construction.  The  An- 
tares  schedule  (Fig.  16)  as  part  of  the  overall 
inertial  confinement  fusion  plan  foresees  that  the 
Antares  facility  will  become  operational  and  ready 
for  target  experiments  in  the  spring  of  1984. 

As  a  first  step  towards  this  goal  the  first 
beam  line  (of  six)  will  be  completed  and  checked 
out  in  the  fall  of  1981.  The  major  milestones  in 
this  effort  are: 
a  Power  amplifier  and 

energy  storage  system  Installed  April  '80 
a  electrical  and  small-signal  August  *80 
tests  complete 

a  Single-beam  fror.t-end  ready  November  *80 
a  Single-sector  energy  extraction  Ftbmcry  '81 
a  12  sector  energy  extraction  April  '81 
a  17  kJ/1  ns  pulse  centered  October  '81 

and  focused 

All  Antares  buildings  are  now  fully  enclosed 
and  internal  work  is  progressing.  Figure  17 
shows  the  target  hall  with  its  6-ft-thick  walls 
and  5-ft-thick  celling.  The  laser  hall  and  the 
front-end  room  will  be  svailable  for  joint  occu¬ 
pancy  in  August  1979.  It  is  presently  antici¬ 
pated  that  all  buildings  will  be  complete  and 
ready  for  occupancy  by  IASL  in  December  1979. 

Host  of  the  components  and  systems  develop¬ 
ment  and  7S*  of  the  design  are  complete.  All 
major  hardware  for  the  first  beamline  has  been 
procured  and  will  begin  to  arrive  at  LASL  in 
June.  A  pumping  chamber  section  is  shown  in 
Fig.  18.  The  output  amplifier  for  the  front  end 
will  be  tested  at  IASI  starting  in  July.  The 
performance  test  of  the  first  energy  storage  unit 


will  begin  in  July.  Half  of  the  control  compo¬ 
nents  network  is  on  hand  and  is  being  used  for 
software  development.  The  electron-beam  gun 
(Fig.  19)  will  13  assembled  and  readied  for  test 
in  August.  Installation  of  the  gigantic  target 
vacuum  system  (beam  tubes  and  chamber)  will  begin 
in  August. 
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Fig.  1.  Electron-beam-controlled  COj  laser 
sir.pl  If  ier. 


Fig.  2.  Cross-sectional  view  of  dual-beam 
module  (Helios). 


Fig.  3.  The  IASI  Helios  facility. 


Fig.  4.  Model  of  the  Antares  facility. 


Fig.  5.  laser  hall  with  6  power  amplifiers  and 
24  energy-storage  units. 


Fig.  6.  Target  chamber  and  vacuum  system. 
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Fig.  7.  Optical  schematic  of  Antares. 


Fig.  9.  Artist's  conception  of  the  power 
amplifier. 
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Fig.  8.  Antares  front  end. 


Fig.  10.  Antares  focus  system. 
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rig.  11.  Pulsed  power  for  Antares 
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tbstract 

Nece.ic  advances  in  energy  storage,  svitchlny  and 
mynas  technology  «m*s  electroeugnetie  acceleration 
a  viable  alternative  to  chemical  propulsion  iot  cer¬ 
tain  casts,  and  a  means  to  perform  other  tests  not 
previously  iaasibla.  launchers  od  interest  include 
the  dc  raiigun  driven  by  energy  stored  inereiaiiy  in 
a  tcoo polar  generator  and  transderred  through  a 
switching  inductor,  and  the  opposite  extreme,  the 
synchronous  mass  driver  anaryixad  by  a  high  voltage 
aitarnacsr  through  an  oscillating  coil-capacitor 
circuit,  A  number  oi  hybrid  variant s  between  these 
two  extremes  are  also  promising.  A  novel  system 
described  here  is  the  momentum  transformer  which 
transfers  momentum  from  a  massive  chemically  driven 
armature  to  a  much  lighter,  higher  velocity  ptojec- 
tiie  by  magnetic  flux  compression.  Potential  appli¬ 
cations  include  the  acceleration  of  gram-sise  par¬ 
ticles  for  hyperveiocity  research  end  for  use  as  re¬ 
action  anpinas  in  space  transport;  high  velocity  ar¬ 
tillery;  scretcher-sice  tactical  supply  and  medical 
evacuation  vehicles;  the  launching  of  space  cargo 
or  nuclear  waste  in  one-con  packets  using  off-peak 
electric  power. 


Backoround 

Magnetic  guns  and  launchers  have  received  period¬ 
ic  attention  for  many  years,  and  several  large  sys¬ 
tems  have  actually  been  built.  The  fact  that  none  of 
these  evolved  into  a  practical  device  reflects  large¬ 
ly  the  immaturity  of  required  support  technology  and 
lac't  of  coordinated  follow-up  programs.  The  most 
recent  survey  of  the  field  was  made  by  the  Naval 
.'eacons  Laboratory  In  1972,  and  the  report  contains 
all  significant  prior  aferences*. 

Since  1972  considerable  attention  has  been  devo¬ 
ted  to  linear  electric  motors  In  the  context  of  air 
cushion  and  magnetically  levitated  high  speed  trains; 
an  extensive  review  published  in  1975  contains  over 
ILO  references*.  Most  early  efforts  utilized  linear 
Induction  motors  lllMs)  which  do  not  lend  themselves 
:o  high  acceleration.  There  evolved  one  concept, 
nowever,  the  linear  synchronous  motor  (LSH)  first 


proposed  by  Powell  and  Danky*  and  ultimately  imple¬ 
mented  by  Kolm  and  Thornton*  at  MIT;  It  Is  synthe¬ 
tically  synchronized  and  is  capable  of  very  high 
acceleration,  efficiency  and  speed.  G.K.O'Nelll  of 
Princeton  University  proposed  using  the  LSM  for 
launching  lunar  raw  materials  Into  very  precise  or¬ 
bits  to  permit  Interception  at  a  space  manufacturing 
site**,  thus  re-inventing  a  concept  first  proposed  by 
Arthur  C.  Clarke^  In  1950.  O'Neill  and  Kolm  devel¬ 
oped  the  "mess  driver"  as  part  of  two  NASA-AMES  sum¬ 
mer  studies  In  1975  and  1977,  and  a  group  of  students 
constructed  the  first  demonstration  model' at  MIT. 

It  was  exhibited  at  the  1977  Princeton  Symposium  on 

O 

Space  Manufacturing  and  also  on  the  occasion  of  the 
first  flight  of  the  orb) ter  Enterprise  In  August  77. 

A  second,  more  sophisticated  mass  driver  Is  presently 
under  construction  at  Princeton  and  MIT,  with  supp¬ 
ort  from  NASA-lewis^. 

Another  significant  effort  was  made  recently 
by  Mershall  and  Barber***  who  used  the  world's  larg¬ 
est  homopolar  generator  at  the  Australian  National 
University  in  Canberra  to  power  a  series  of  experi¬ 
mental  dc  rallguns.  Their  spectacular  success  might 
not  have  been  of  much  practical  Interest,  had  It  not 
been  accompanied  by  equally  spectacular  progress  In 
the  design  of  practical  pulse-rated  homopolar  gener¬ 
ators  by  Uoodson,  Veldon  and  others  at  th«  Universi¬ 
ty  of  Texas  in  Austin**.  The  group  also  invented  a 

nr.;  inertial  energy  storage  device,  the  "compensated 
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alternator",  or  "compulsator"  .  There  has  also 
been  a  great  deal  of  other  work  in  the  area  of  ener¬ 
gy  storage  in  relation  to  requirements  for  ohmic 
•  Study  supported  by  U.S.Arau  Arsiaae.ee  Research 
and  Development  Command,  Dover  !IJ,  under  ARO 
Srant  !lo.  DAAC  2$-78-C-01-i7. 

**  Laboratory  supported  by  the  national  Science 
Foundation. 


heating  of  plasmas  In  toroidal  fusion  experiments, 
laser-induced  fusion,  particle  beam  weapons  research 
and  laser  weapons  research.  Much  of  this  work  Is 
directly  applicable  to  accelerators.  Equally  appli¬ 
cable  Is  work  done  In  the  development  of  large, 
high- Intensity  magnet  colls,  superconducting  as  well 
as  normal,  for  MHO  power  generation  and  for  solid 
state  research.  The  HIT  National  Magnet  laboratory 
Is  a  center  of  expertise  In  this  area'^.  Related 
work  which  Is  doubly  applicable  Is  the  development 
of  large  superconducting  magnet  systems  for  Indue- 
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tlve  energy  storage  at  Los  Alamos  and  Sand  la  . 

In  March  1977  Or.  Harry  Fair,  head  of  the  Pro¬ 
pulsion  Technology  Branch  of  the  Army  Research  and 
Development  Command  In  Dover,  N.J.,  Inquired  whether 
any  of  the  MIT  Magneplanc  or  Mass  Driver  work  might 
have  ordnance  applications.  It  was  Immediately  ob¬ 
vious  that  the  potential  applications  and  related 
concepts  and  technologies  spanned  such  a  vast  range 
as  to  require  a  nationally  coordinated  effort.  Peter 
Kenney  and  Ted  Cora  of  ARRAOCOM  were  assigned  to 
the  task  of  coordinating  the  effort  wlthtn  ODD,  and 
the  present  authors  were  funded  to  conduct  a  prelim¬ 
inary  study.  In  addition,  we  have  assembled  an  Inter¬ 
agency  steering  committee  and  a  technical  advisory 
panel  to  ensure  liaison  with  other  centers  of  exper¬ 
tise. 

Electromagnetic  Accelerator  Concepts 

We  are  concerned  here  with  linear  motors  which 
are  capable  of  very  high  acceleration.  This  exclu¬ 
des  at  the  outset  the  sizeable  literature  of  linear 
motors*^  developed  over  the  years  for  a  variety  of 
purposes,  Including  traverse  curtain  rods,  conveyor 
belts,  solid  waste  separation,  liquid  metal  pumps, 
high  speed  ground  transportation,  and  even  certain 
attempted  launch  devices.  We  shall  characterize 
the  features  and  limitations  of  our  basic  arsenal  of 
accelerator  concepts. 

The  Classic  Ralloun 

The  classic  rallgun  Is  the  simplest  and  also  the 
most  high  perfected  accelerator.  It  consists  of  two 
parallel  rails  connected  to  a  source  of  dc  current, 
the  projectile  consisting  of  a  short-circuit  slide 
propelled  between  the  rails  by  the  lorentz  force 
F  ■  311/2  newton,  where  B  Is  the  magnetic  field  In¬ 
tensity  between  the  rails  In  tesla,  L  Is  the  length 


of  the  current  path  through  the  slide,  or  the  gap 
between  rails  In  meters,  and  Z  Is  the  current  In  am¬ 
peres.  The  factor  of  1/2  accounts  for  the  fact  that 
the  field  ts  B  behind  the  slide  but  zero  In  front  of 
It,  the  average  being  B/2. 

The  classic  rallgun  has  been  studied  extensively 
by  Brast  and  Sawle  of  MB  Associates  in  the  mld-sl, sties 
under  NASA  contract*^,  end  more  recently  by  Marshall 
and  Barber10  using  the  world's  largest  homopolar  gen¬ 
erator  at  the  Australian  National  University  In  Can¬ 
berra;  It  Is  capable  of  storing  500  MJ.  Rallguns 
can  operate  In  two  distinct  modes.  In  the  metallic 
conduction  mode,  current  flows  through  the  sliding 
projectile  Itself,  and  this  mode  has  been  demonstra¬ 
ted  to  a  performance  level  of  about  I  kg  mass  and 
2,000  g  (20,000  m/s2)  acceleration  by  the  switching 
gun  used  In  the  Canberra  Installation  to  feed  the  main 
gun.  Marshall  and  Barber  found  that  If  the  rallgun 
Is  driven  very  hard,  a  plasma  arc  tends  to  bypass  the 
projectile,  leaving  It  behind.  By  using  a  non-conduc¬ 
ting  lexan  projectile  and  confining  the  arc  behind  It 
they  were  able  to  achieve  a  performance  level  of  16 
gram  accelerated  at  250,000  g  along  a  5  m  barrel  to  a 
final  velocity  of  5.9  km/s.  As  rallguns  are  extrapol¬ 
ated  to  large  projectile  sizes,  the  distinction  brush 
conduction  mode  and  plasma  mode  Is  likely  to  vanish: 
brush  conduction  will  be  supplemented  by  arc  conduc¬ 
tion  as  the  limit  of  brush  current  Is  exceeded.  The 
practical  limit  of  rallgun  performance  In  regard  to 
projectile  size,  acceleration,  length  and  velocity 
will  have  to  be  explored  by  progressive  refinement  of 
material  and  engineering  details,  as  In  the  case  of 
any  r.ew  technology.  The  Canberra  work  has  provided 

sufficient  Information  to  Justify  the  first  attempt 
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In  this  direction.  Wcstlnghouse,  with  support  from 
DARPA,  will  construct  a  practical  rallgun  system  in¬ 
cluding  the  first  pulse-rated  homopolar  generator  de¬ 
signed  with  attention  to  overall  weight.  The  objec¬ 
tive  Is  to  demonstrate  feasibility  of  accelerating  a 
0.33  kg  (.73  pound)  projectile  to  a  velocity  of  3  kn/s 
(9*8  ft/s),  corresponding  to  a  muzzle  energy  of  1.5  M.'. 

To  a  great  extent,  the  practical  limit  of  rail 
guns  will  depend  on  acceptable  cost  and  service  life. 
The  problems  relate  to  mechanical  containment  of  the 
percussive  expansion  force  which  tends  to  blow  the 
rails  apart,  the  electromagnetic  analog  of  barrel 
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pressure  In  a  chemical  gun,  with  the  Important  diff¬ 
erence  that  the  re  1 1  gun  maintains  more  or  less  con- 
scene  pressure  ehroughout  the  eccelcreelon.  Inscced 
of  chen I cal  corrosion,  there  Is  the  destructive  eff¬ 
ect  of  high  brush  current  density  end  the  related 
re  cal  vapor  arc.  The  body  of  knowledge  available 
from  the  study  of  brushes  and  circuit  breakers  does 
not  extend  to  the  current  densities  and  velocities 
In  question. 

In  addition  to  these  Holts,  the  classic  rallgun 
also  faces  certain  fundamental  limits  which  are  not 
related  to  acceleration,  but  to  maximum  possible 
length  or  maximum  muzzle  velocity.  As  a  rallgun  Is 
lengthened,  the  resistance  and  Inductance  of  the 
rails  eventually  absorb  a  dominant  fraction  of  the 
energy.  The  effect  is  seen  to  begin  at  about  five 
meters  In  the  Canberra  tests.  Increasing  velocity 
also  causes  an  Increasing  back'emf.  Current  will 
continue  to  flow,  even  If  this  emf  exceeds  the  out¬ 
put  voltage  of  the  homopolar  generator,  because  the 
Intermediate  storage  Inductor  acts  as  a  current 
source.  However,  there  Is  a  practical  Unit  to  the 
voltage  which  can  be  stood  off  by  the  gap  between 
rails,  and  this  scales  about  linearly  with  size. 

Thus  there  are  two  fundamental  effects  which  limit 
the  amount  of  energy  that  can  be  transferred  to  the 
projectile,  regardless  of  how  much  Is  available. 
Another  shortcoming  of  the  rallgun  is  Its  Inherent 
Inefficiency.  An  appreciable  amount  of  energy  Is 
contained  In  the  rail  Inductance  at  the  Instant  the 
projectile  leaves,  and  this  energy  must  be  absorbed 
bv  a  muzzle  blast  suppressor.  A  fraction  might  con- 
celvaole  be  returned  to  the  honopolar  generator. 

There  are  several  means  for  circumventing  the  limit¬ 
ations  of  the  classic  rallgun. 

The  Auccenced  Rallgun 

The  magnetic  field  between  the  rails  can  be  aug- 
-ented  by  supplementary  current  wh  ch  does  not  flow 
through  the  sliding  brushes.  This  current  can  be 
carried  by  separate  conductors  flanking  the  rails 
which  must  be  farther  from  the  projeztlle),  or  It 
tan  se  added  to  the  rail  current  itself  by  simply 
terminating  the  rails  with  a  load  resistor  or  Induc¬ 
tor  at  the  muzzle  to  carry  a  fraction  of  the  current. 
The  rails  themselves  will  obviously  contribute  more 
Held  than  auxiliary  rails  located  farther  away,  but 


the  use  of  superconducting  auxiliary  rails  might  be 
expedient  In  some  applications.  It  should  be  noted 
that  rallgun  fields  ere  much  higher  than  the  critical 
fields  of  superconductors.  Augmentation  has  the  ob¬ 
vious  effect  of  reducing  the  amount  of  current  flowing 
through  the  brushes  and  the  projectile,  and  thereby 
the  necessary  conductor  mast  which  must  be  accelera¬ 
ted. 

It  should  also  be  noted  thet  the  augmenting 
field  is  twice  as  effective  es  the  rail  field  Itself. 
The  augmenting  field  prevails  In  front  of  the  projec¬ 
tile  as  well  as  behind  it,  thereby  eliminating  the 
factor  of  1/2  In  the  Lorentz  force  expression.  This 
fact  Is  Important  Inasmuch  at  It  reduces  to  one  half 
the  rail  bursting  force  which  must  be  contained  for  a 
given  acceleration. 

Augmentation  therefore  ameliorates  both  the  brush 
current  density  limitation  and  the  bursting  force  con¬ 
tainment  limitation  of  classic  rallguns. 

The  Segmented  Rallgun 

The  length  limitation  Imposed  by  rail  resistance 
and  rail  unductance  can  be  circumvented  by  simply  sub¬ 
dividing  a  long  rallgun  Into  short  segments,  each  fed 
by  an  Independent  local  energy  source.  This  will  of 
course  Involve  certain  commutation  problems  as  the 
projectile  transitions  between  segments,  but  will  per¬ 
mit  using  part  of  the  energy  stored  In  each  segment 
to  energize  the  subsequent  segment.  The  segmented 
rallgun  seams  promising  for  launching  larga  masses 
such  as  aircraft  at  low  acceleration.  In  very  long 
launchers,  the  use  cf  multiple  Independent  energy 
supplies  will  have  other  advantages  as  well. 

Hass  D-lvers 

.<S  mentioned  In  the  Introduction,  the  mass  driver 
Is  a  direct  adaptation  of  the  linear  synchronous  mo¬ 
tor  first  conceived  end  developed  as  the  HIT  Magne- 

i 

plane  system  In  1570-75  ,  a  high-speed  magnetically 
levitated  train.  The  mass  driver  can  be  planar  or 
a>.ial  depending  on  requirements.  The  axial  configur¬ 
ation  permits  higher  efficiency  and  Is  therefore 
preferred  for  high  acceleration,  white  the  planar  con¬ 
figuration  will  accommodate  payloads  which  need  not 
be  cylindrical  and  may  have  any  arbitrary  shace. 

In  both  cases,  the  payload  Is  carried  by  a  re- 
useable  vehicle,  called  the  bucket,  which  is  provided 
with  two  suoerconduct Ing  colls  carrying  a  persistent 
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current  end  guided  without  contect  by  repulsive  eddy 
currents  Induced  by  the  bucket  motion  In  en  aluminum 
guideway.  The  bucket  Is  propelled  by  a  series  of 
drive  colls  which  are  pulsed  In  synchronism  as  the 
bucket  passes  by.  The  bucket  operates  like  a  surf” 
board  riding  the  forward  crest  of  a  magnetic  travel¬ 
ling  wave,  the  wave  being  generated  by  the  drive 
colls  and  synchronized  by  position  sensors.  Buckets 
can  be  launched  at  repetition  rates  of  10  per  second. 
Each  bucket  releases  Its  payload  at  a  precise  speed,' 
Is  decelerated,  and  then  returns  to  the  starting 
point  on  a  return  track  to  be  reloaded  and  relaunched. 

Hass  drivers  can  operate  In  the  "push-only"  mode 
as  In  the  case  of  Hass  Driver  One,  or  In  the  pull- 
push  mode  of  Hass  Driver  Two,  now  under  construction, 
In  which  each  drive  coll  undergoes  a  complete  sinus¬ 
oidal  oscillation  by  balng  connected  synchronously 
to  a  supply  capacitor  line.  By  tuning  this  cycle 
to  the  cffectlv  e  wavelength  of  the  bucket  It  is 
possible  to  achieve  energy  transfer  efficiencies, 
electrlc-to-mechanlcal ,  of  better  than  90  percent. 

We  should  add  that  the  bueket-to-payload  ratio  Is 
about  unity,  and  that  about  half  the  bucket  energy 
1s  recoverable  by  regenerative  braking. 

For  all  practical  purposes,  mass  drivers  have  no 
velocity  limit  and  no  length  limit.  Acceleration  has 
been  limited  thus  far  by  the  current  and  voltage  ca¬ 
pacity  of  the  SCRs  used  for  switching.  Using  shelf 
components,  Hass  Driver  Two  should  achieve  500  to 
1,000  g.  If  the  SCR  limitation  Is  removed,  by  using 
IgnI irons,  spark  gaps,  or  direct  contact  switching, 
performance  will  be  limited  by  mechanical  and  thermal 
failure  of  the  drive  colls.  Some  preliminary  calcu¬ 
lations  based  on  a  four  Inch  caliber  mass  driver 
using  aluminum  bucket  colls  and  copper  drive  colls 
suggest  an  acceleration  limit  between  100,000  and 
250,000  g.  This  is  comparable  to  rallgun  performance. 
However,  the  failure  mode  of  drive  coils  under  fast 
pulse  conditions  Is  a  very  complex  subject  requiring 
experimental  study. 

All  previous  mass  driver  designs  are  based  on  a 
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bucket  coil  current  density  of  25  kA/cm  of  cable, 
achieved  In  an  operational  model  of  the  HIT  magne- 
plane.  Superconductors  should  withstand  up  to  four 
times  this  current  density  at  the  low  field  intensity 
and  stored  energy  Involved.  It  should  also  be  point¬ 


ed  out  that  mass  drivers  do  not  necessarily  require 
superconducting  bucket  colls.  For  periods  of  the 
order  of  0.1  second  I:  Is  actually  possible  to  main¬ 
tain  higher  current  densities  In  normal  conductors. 
Haximu.  performance  mass  drivers  are  tnerefore  likely 
to  utilize  aluminum  bucket  colls,  possibly  precooled 
to  liquid  nitrogen  temperature,  fed  by  sliding  brush¬ 
es,  and  drive  colls  triggered  by  physical  contact. 

Of  course  this  would  eliminate  the  non-contact  advan¬ 
tages. 

A  unique  feature  of  mass  drivers  bears  emphasis: 
although  they  are  energized  by  capacitors,  the  cost¬ 
liest,  heaviest  and  bulkiest  energy  store  known,  each 
capacitor  Is  used  hundreds  or  thousands  of  timet  dur¬ 
ing  each  launch  cycle  by  being  connected  to  many  drive 
colls  through  feeder  lines.  This  permits  the  use  of 
an  efficient  but  slower  Intermediate  energy  store, 
such  as  a  compulsitor  or  HHD  generator. 

The  Hel leal  Rallpun 

The  rallgun  Is  In  essancc  a  single-turn  motor. 

A  multi-turn  rallgun  would  reduce  the  rail  current 
and  the  brush  current  by  a  factor  aqua  I  to  the  number 
of  turns.  It  therefore  seems  worth-while  to  study 
a  "helical  rallgun".  In  this  hybrid  device,  the  two 
rails  are  surrounded  by  a  simple  helical  barrel,  and 
the  projectile  or  re-usaable  carrier  Is  also  helical. 
The  projectile  Is  energized  continuously  by  two  brush¬ 
es  sliding  along  the  rails,  and  two  or  more  additional 
brushes  on  the  projectile  serve  to  energize  and  commu¬ 
tate  several  windings  of  the  helical  barrel  directly 
In  front  of  and/or  c„hlnd  the  projectile.  The  heli¬ 
cal  rallgun  Is  In  fact  a  cross  between  the  rallgun 
and  the  mass  driver. 

Superconducting  Slingshots 

Accelerators  based  on  mechanical  energy  storage 
have  not  been  used  since  the  day  of  the  bow  and  medie¬ 
val  catapult,  with  the  exception  of  naval  aircraft 
launching.  Hcchanical  energy  storage  devices  are  bulky, 
heavy,  and  slow  to  release  their  energy.  The  advent 
of  practical  superconducting  magnets  provides  a  good 
mechanical  storage  mechanism,  the  "magnetic  slingshot1.1 

Consider  a  short  superconducting  solenoid  which 
is  free  to  slide  inside  a  long  one.  The  travelling 
solenoid  will  be  either  attracted  to  or  repelled  from 
the  center  of  the  long  solenoid,  depending  on  the 
direction  of  relative  magnetization.  Either  configur- 
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a c ion  can  serve  as  an  electromagnetic  slingshot. 

In  the  actracclve  configuration,  the  travelling  sol¬ 
enoid  can  serve  as  a  payload-carrying  shuttle  bucket. 
Released  at  ’he  breach  end  of  the  barrel  coll,  It 
will  accelerate  to  the  center,  where  It  will  release 
Its  payload  at  maximum  velocity,  come  to  rest  at  the 
muzzle,  and  then  return  empty  to  a  position  short 
of  Its  release  point,  from  where  It  can  be  returned 
to  the  release  point  by  mechanical  force,  possibly 
by  a  thermal  cycle.  This  oscillation  Is  Inherently 
loss-less,  except  for  possible  eddy  currents  Induced 
In  nearby  metal . 

In  the  repulsive  configuration,  the  travelling 
solenoid  will  be  moved  by  mechanical  force  from  the 
breach  to  a  point  just  beyond  the  center  of  the 
barrel.  When  released,  It  will  be  expelled  from  the 
nuzzle  as  part  of  the  projectile.  Velocities  up  to 
several  hundred  m/s  are  attainable  by  slingshots. 

The  Superconducting  Quench  Cun 

By  successively  quenching  a  line  of  adjacent 
coaxial  superconducting  coils  forming  a  gun  barrel, 

It  Is  possible  to  generate  a  wave  of  magnetic  field 
gradient  travelling  at  any  desired  speed.  A  travel¬ 
ling  superconducting  coil  can  be  made  to  ride  this 
wave  like  a  surfboard.  The  device  In  fact  repre¬ 
sents  a  mass  driver  or  linear  synchronous  motor  In 
which  the  propulsion  energy  Is  stored  directly  In 
the  drive  colls. 

Impulse  Accelerators 

A  brass  washer  placed  on  top  of  a  vertically 
oriented  pulsed  field  coll  Is  driven  upward,  acceler¬ 
ated  by  eddy  currents  which  tend  to  be  180*  out  of 
phase  with  the  Inducing  field  pulse.  The  resulting 
Impulse  has  been  used  commercially  since  IS62  for 
metal  forming  operations,  for  Instance  for  swaging 
terminal  fittings  around  aircraft  control  cables. 

The  process  has  certain  applications  for  accelera¬ 
tion.  It  can  be  made  Into  a  synchronous  induction 
-otor  whose  performance  Is  limited  by  the  thermal 
Inertia  of  the  sliding  member. 

The  Momentum  Transformer 

A  novel  concept  described  here  for  the  first 
time  Is  wnat  we  shall  call  the  "momentum  transformer1.1 
It  makes  use  of  a  so-called  "flux  concentrator", 
first  studied  by  Howland  at  HIT  Lincoln  Laboratory 
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in  l°60‘'.  A  Mux  concentrator  is  simply  a  conduc¬ 


ting  cylinder  with  a  funnelled  bore,  and  at  least  one 
radial  slot  extending  from  the  Inside  to  the  outside 
surface.  The  cylinder  is  surrounded  by  a  pul  sab  field 
winding,  preferably  Imbedded  In  a  helical  groove  to 
minimize  hoop  stresses.  A  fast  pulsed  current  In  the 
winding  Induces  an  opposite  Image  current  In  the  out¬ 
er  surface  of  thr&cyl Inder.  3ue  to  the  radial  slot, 
this  Inducad  current  Is  forced  to  return  along  the 
Inner  perimeter  of  the  cylinder,  thereby  generating 
a  magnetic  field  In  the  funnelled  bore.  All  of  the 
magnetic  flux  which  would  have  filled  the  pulsed  field 
winding  In  the  absence  of  the  concentrator  Is  thus 
compressed  Into  the  central  bore,  resulting  In  a  field 
Intensity  which  Is  higher  than  It  would  have  been 
by  about  the  outslde-to-inslde  cross  section  ratio. 

The  device  was  used  at  HIT  for  high  field  research 
and  also  for  Industrial  metal  forming.  In  1965, 
Chapman20  used  a  flux  concentrator  with  a  tapered 
bore  for  accelerating  milligram  metal  spheres  to 
hypervelocities.  Using  a  first  stage  explosive 
flux  compressor,  Chapman  managed  to  reach  peak  fields 
In  excess  of  7  megagauss,  starting  with  an  Initial 
field  of  only  kO  kilogauss. 

The  momentum  transformer  proposed  here  uses  a 
flux  concentrator  as  the  armature  or  sabot  In  a  chem¬ 
ically  driven  conventional  gun.  The  bore  of  this 
sabot  Is  occupied  by  a  much  smaller  projectile,  for 
instance  a  rod-shaped  armor  penetrator.  The  muzzle 
end  of  the  gun  Is  a  pulsed  field  winding  Imbedded  In 
a  helical  groove,  which  Is  excited  with  a  current 
pulse  sufficiently  slow  to  penetrate  the  barrel  and 
fill  the  bore  with  magnetic  flux.  When  the  sabot 
enters  this  flux  region  so  rapidly  that  the  effective 
penetration  depth  of  the  field  Is  small,  It  compress¬ 
es  the  flux  Into  Its  Inner  bore,  decelerates  drastic¬ 
ally,  and  expels  the  projectile  contained  In  Its  bore 
at  a  much  higher  velocity.  The  device  should  have  very 
little  recoil  because  the  muzzle  coll  acts  like  a 
muzzle  brake,  transferring  much  of  the  sabot  momentum 
to  the  barrel.  The  process-  can  be  multi-staged  with 
a  series  of  nesting  sabots. 

Application  to  HvoervelocI tv  Research 

The  acceleration  of  milligram  to  grm  size  pellets 
to  hypervelocl ties,  l.e.,  10  to  100  km/s,  already  has 
a  literature  of  three  decades.  Research  areas  induce 
T.Icroroeteorl te  Impact  studies,  equatlon-of-state  re- 
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searcn,  terminal  ballistics,  etc.  A  new  application 
of  current  Interest  Involves  the  achievement  of  fus¬ 
ion  by  pellet  Impact  at  several  hundred  km/s. 

High  Velocity  Artillery 

Projectiles  In  the  range  of  ten  grams  to  a  kilo¬ 
gram  accelerated  to  3  to  10  or  20  kn/s  have  foresee¬ 
able  applications.  The  destruction  of  missiles  In 
space,  where  mass  Is  at  a  premium  Is  one  obvious  use. 
Another  Is  the  possible  Interception  of  Incoming 
rounds  by  ships  and  armored  vehicles.  This  requires 
small  projectiles  travelling  at  speeds  much  greater 
than  the  Incoming  round,  capable  of  detonating,  de¬ 
forming,  or  just  deflecting  them.  Plasma-driven 
rail guns  already  have  the  required  capacllity  on  a 
laboratory  basis.  If  Incoming  round  interception  can 
be  accomplished  with  good  reliability,  It  will  make 
armored  vehicles  as  obsolete  as  knights  on  horseback. 

An  armor  penetrator  fired  at  3  km/s,  twice  pre¬ 
sent  speed,  needs  only  to  be  about  one  fifth  the  size 
to  Inflict  equal  damage.  If  In  addition  It  can  be 
propelled  with  available  diesel  fuel,  tanks  can  be 
given  five  times  present  capability  with  drastically 
reduced  vulnerability.  Ve  are  dealing  here  with  en¬ 
ergy  pulses  In  the  I  to  3  MJ  range,  supplied  by  the 
primary  propulsion  engine  of  the  tank. 

Stretcher-Size  logistic  Supply  and  Medical 
Evacuation  Vehicle 

It  Is  an  Irony  of  modern  tactical  warfare  that 
an  armored  advance  can  be  supported  with  many  tons 
per  minute  of  artillery,  but  not  by  a  single  gallon 
of  fuel  or  pound  of  food.  Helicopters  and  parachutes 
are  too  vulnerable  for  battlefield  use,  and  the  chem¬ 
ical  gun  does  not  lend  Itself  to  logistic  supply 
applications.  Electromagnetic  launchers  can  fill 
this  need. 

A  300  pound  stretcher  or  supply  module  can  be 
launched  from  a  100-foot,  truck-mounted  ramp  to  100 
mph  at  3*3  g  acceleration,  using  only  0.1k  MJ  of  en¬ 
ergy.  It  could  easily  be  guided  to  a  soft  landing 
by  microwave  or  conventional  ILS  type  guidance  sys¬ 
tem  located  at  the  destination  point.  The  vehicle 
would  operate  at  high  speed,  low  trajectory,  be  rela¬ 
tively  Invulnerable  and  weather-independent,  and  sig¬ 
nificantly  less  expensive  and  fuel-consumptive  than 
a  helicopter.  It  could  be  built  using  available 
technology. 


llcht  Plane  launchers 

It  Is  Interesting  to  study  the  generation  of 
ST01  aircraft  which  could  be  designed  by  eliminating 
the  requirement  of  Inordinate  take-off  thrust  from  on¬ 
board  engines. 

Space  Vehicle  launcher 

The  application  of  mass  drivers  for  lunar  launch¬ 
ing  and  for  use  as  reaction  engines  In  orbital  trans¬ 
fer  has  already  been  studied  extensively^.  However, 
the  possibility  of  electromagnetic  earth-basec  launch¬ 
ing,  proposed  by  sclencd  fiction  writers  since  the 
forties,  has  never  before  been  considered  seriously. 

On  the  basis  of  computer  software  developed  by  NASA 
In  connection  with  the  Venus  lander**.  It  appears 
quite  practical. 

A  telephone-pole  shaped  vehicle  8  inches  In  dia¬ 
meter  and  20  feet  in  length,  weighing  1.5  tonnes, 
accelerated  to  20  km/s  at  sea  level  would  traverse 
the  8  km  atmosphere  In  half  a  second,  emerging  at  15 
km/s,  which  Is  enough  velocity  to  escape  the  solar 
system.  It  would  lose  3  to  6  percent  of  its  mass  by 
ablation  of  a  carbon  shield.  Initial  projectile  ener- 
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gy  would  be  300  x  10  J,  one  third  of  which  would  be 
lost  In  traversing  the  atmosphere. 

The  launch  energy  may  seem  formidable,  but  It 
amounts  to  only  83  HU-hrs,  which  represents  several 
minutes  of  output  by  a  large  metropolitan  utility 
plant.  The  required  launcher  would  be  20  km  long  at 
1,000  g  acceleration;  It  would  be  only  2  km  long,  less 
than  a  small  airport  runway,  at  10,000  g,  which  should 
be  easily  attainable.  Such  a  launcher  could  be  In¬ 
stalled  on  a  hillside,  or  In  a  vertical  hole  made  by 
an  oversize  rotary  well  drilling  rig. 

0ns  potential  application  is  the  disposal  of  nuc¬ 
lear  waste.  2,000  tons  of  waste  will  be  generated 
between  19&0  and  2000.  This  waste  could  be  launched 
out  of  the  solar  system  by  using  off-peak  power  from 
a  utility  plant  at  a  cost  corresponding  to  only  2 
cents  per  kw-hr  of  generated  power  which  produced  the 
waste.  Considering  that  the  average  cost  of  power 
during  the  period  will  be  22  cents  per  kw-hr,  this 
waste  disposal  cost  Is  very  low. 

Conclusions 

Rotary  motors  have  not  yet  approached  the  con¬ 
ceptual  or  practical  limits  of  their  potential,  even 
after  a  century  of  intensive  evolution,  fundamental 
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Innovation  still  occurs  under  the  stimulation  of  new 
technology  and  new  n««ds. 

Llnaar  motors  hava  not  baan  pursued  to  snywhere 
near  a  comparable  dagraa,  although  an  appraclabla 
lltaratura  exists.  Llnaar  motors  night  be  on  the 
threshhold  of  an  evolution  coaiparabla  to  the  evolu¬ 
tion  of  rotary  motors.  The  above  survey  Indicates 
that  there  Is  no  shortage  of  new  concepts  or  uses. 
Vhat  makes  this  field  exciting  Is  the  advent  of  new 
pulsed  energy  sources,  and  the  challenging  fact  that 
a  motor  of  :erc  curvature  Is  virtually  free  of  all 
fundamental  limitations  on  size,  acceleration  and 
velocity. 
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ABSTRACT 

Inertial  confinement  fusion  research  la  being 
vigorously  pursued  ac  the  Lawrence  Livermore 
Laboratory  and  at  ocher  laboratories  throughout 
sfca  world. 

Ac  ch«  Lawrence  Livermore  Laboratory,  major 
emphasis  haa  been  placed  upon  tha  development  of 
large,  Nd: glass  laser  tyataaa  la  order  to  address 
tha  basic  phyales  laauaa  aasociacad  with  Ll|hc 
drlvan  fusion  car|tcs. 

A  parallal  program  la  dlraccad  coward  tha  develop¬ 
ment  of  laaars  which  exhibit  hl|har  afflclaaclaa 
and  shorter  wavalaagtha  and  are  thus  more  suitable 
as  drivers  for  fusion  power  plants.  This  paper 
discusses  tha  pulse  power  technology  which  haa  been 
developed  to  neat  tha  near  and  far  tern  needs  of 
the  laser  fusion  progrsa  ac  Livermore. 

Introduction 

~  i  i  j  { 

Tha  Laser  Fusion  Frograa  '  is  asking  rapid 
progress  coward  achieving  thermonuclear  fusion. 

One  of  the  keys  to  this  rapid  progress  is  tha 
sequence  of  laaar  facilities  with  increasing  power 
(Fig.  1)  developed  ac  ILL  in  pursuit  of  tha  laser 
fusion  progrsa  goals.  Januc  has  yielded  an  ex¬ 
tensive  catalogue  of  laser  fusion  data  and  meaaure- 
aancs  of  alpha  particles  demonstrating  the  TN 
nature  of  the  iaploslon  reaction,  thus  achieving 
the  first  allestone.  Cyclops  focused  0.6  TV  on 
target  froa  a  single  laser  chcin  and  has  served  as 
a  prototype  for  the  large,  tailci-ara  Shiva  and 

•Work  performed  under  the  auspices  of  the  U.S. 

Dept,  of  Energy  by  the  Lawrence  Liveraore  Lab. 
under  contract  no.  W-7405-Eng.  18. 


Fig.  1:  LLL  laser-fusion  yield  projections  and 
laser  ayitaae.  A  series  of  Increasingly 
powerful  Hd: glass  lasers  has  been  built 
for  laser  fusion  experiments. 

and  Argus  systems.  Argus  has  operated  at  greater 
than  1  TV  iron  two  laser  chains  and  has  now  pro¬ 
duced  more  chan  one  billion  neutrons  on  s  single 
shot,  with  a  pellet  gain  of  2  x  i0-5.  Shiva,  a 
20  arm,  20  TV  system  has  been  operational  since 
February  1978  and  has  produced  a  neutron  yield  of 
2.7  x  1010  and  compressions  of  30X  liquid  density. 
Nova5,  currently  under  construction,  will  produce 
several  hundred  TV  of  output  power  and  demonstrate 
the  feasibility  of  net  energy  gain  with  high  gain 
alcroexplosioos. 

Each  laser  system  In  this  progression  lias  Increased 
in  both  size  and  complexity.  The  pulse  power  hard¬ 
ware  represents  about  one-quarter  of  the  total  pro¬ 
ject  cost  for  each  of  these  systems.  For  Shiva, 
this  amounted  to  STM  and  for  Nova  we  expect  the 
pulsar  power  system  cost  to  exceed  $30M.  We  have 
developed  reliable,  cost  effective,  and  scalable 
pulse  power  technology  specifically  suited  to 
meet  the  needs  of  large  Nd:glass  lasers. 
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Fig.  I:  £ne rjy  veriu*  pulse  width  ptriMttn  for 
tha  major  pulse  power  requirement*  of  tha 
laser  fusion  program. 

Figure  2  shove  the  parameter  space  In  which  these 
pulsa  power  requireaent*  IU.  The  low  *n argy, 
fane  pulsa  circuitry  addresses  the  need*  for  vary 
fait  optical  switches  which  act  to  suppress  snp- 
lified  apontanaoua  amission  within  th«  laaar 
chains,  aa  wall  as  to  protacc  tha  laaar  fro« 
target  raflactad  light.  Tha  high  energy,  rala- 
tivaly  slow  pulsa  circuitry  aldrasaaa  tha  punp 
requirements  for  these  laaara,  and  it  la  in  this 
area  that  soar  of  tha  system  coac  is  accounted  for. 
This  technology  has  baan  tha  focus  of  a  grant  deal 

*  a 

,'f  effort’1'  aimed  at  improving  both  its  perfocn- 
anca  and  coac  affacclvanaaa. 

This  paper  will  describe  tha  pulse  power  hardware 
which  has  been  developed  and  implemented  at  tha 
lawranea  Livermore  laboratory  for  these  large 
laser  avseess,  aa  vail  as  discussing  some  pronising 
alternative  technologies  which  are  currently  under 
ievelopmeac. 

laser  Pumping  Requirements 

The  laser  amplifiers  (see  Fig.  3)  are  puaped  with 
Intense  breadband  light  output  fron  large  bore 
::enon  flashlasps.  Tha  cusp  energy  is  delivered  in 
approximately  500  microseconds  and  ch«  peal:  power 
requirements  (shown  in  Fig.  -)  far  exceed  the 
capacity  of  the  power  grid.  Thus,  large  capacitor 
:anks  are  used  as  intermediate  storage  elements. 

The  xer.cn  flashlasps  are  nonlii.'ar  resistive 


loada^  with  two  distinctly  different  impedance 
states  -  roughly  corresponding  to  tha  tiM  during 
which  tha  law?*  ara  in  tha  ionization  or  triggering 
node  and  tha  time  sc  which  tha  full  volume  of  tha 
lamp  is  conducting  currant.  Typical  volcaga  and 
current  waveforms  for  a  series  lamp  pair  art 
shown  in  Fig.  3.  Tha  35  kV  volcaga  pulsa  ragulrad 
to  lniclsta  tha  ionization  process  is  deliberately 
produced  by  tha  translate  behavior  of  tha  bank 
circuitry.  Aftar  full  voIumi  ionization  within 
eha  leap,  tha  volcaga  and  current  ara  rtlaeed  by 
tha  nonlinear  ralationshlp 
V  -  XI* 

where  X  is  a  constant  determined  by  the  geometry 
and  gas  fill  pressure  of  eha  leap.  Tha  axponanc 
I  in  approximately  .5  sc  currant  maximum. 


Fig.  3:  A  34  ca  clear  aperture  disk  aaplifler. 

Tha  16  xenon  flash lamps  (8  cop  and  8 
boctoa)  require  a  total  anargy  of  3C0  kJ. 
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Fig.  4:  The  peak  power  requirements  for  lasers  in 
che  ILL  Program  have  become  increasingly 
large. 
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Fig.  5:  Voltage  and  current  wtifem  for  large 
bote  xanon  flaahlaaps. 

Th*  required  <n*rgy  ?«r  Imp  d«p«nd*  upon  the 
length  and  diiMur  selected.  This  vicili  .'to*  a 
few  hundred  joules  for  (ha  Mull  leaps  to  alaost 
20  kilojoules  for  th*  larger  laape.  Th*  leap*  art 
arranged  la  sarias  pair*  and  driven  by  a  capacitive 
energy  storage  nodule  which  la  tailored  eo  proviso 
cha  necessary  energy  and  pulse  shape.  Each  nodule 
contains  the  necessary  anargr  atoraga  capacitor*, 
pulse  forsing  Inductor,  duap  raaiatora  sad  high 
voltage  laoXating  fuse.  Tha  nodules  art  aateablad 
a*  integral  unit*  and  aro  sowed  with  a  Modified 
fork  lift.  Shown  in  Fig.  t  la  a  2.5  MJ  aagaaot  of 
thaae  Module*  at  laatalXed  la  th*  25  XJ  Shiva 
energy  storage  ayatea. 

Control* 

Th*  design  of  tha  controls  and  diagnostics  for 

these  puls*  power  syatana  Is  dictated  by  saver* 

o 

operational  reguiraaants.  A  large  n unbar  of  con¬ 
trol  and  diagnostic  points  Must  be  addressed  and 
these  generally  lie  close  to  the  pulse  power 
circuitry  where  they  are  exposed  to  transients  of 
several  kilovolts.  Thus  a  high  degree  of  electrical 
isolation  is  essential.  The  early  aystaas  (Janua, 
Cyclops  and  Argus)  were  snail  enough  to  ellov  the 
use  of  hard  wired  relay  control  aysteas  with  Halted 
diagnostic  capability.  Shiva  and  Nova  are  aub- 
atantlally  larger  and  these  control  systeas  aust  be 
able  to  carry  out  pre-shot  diagnostics,  detect  rcsl 
cine  aalfunctlons,  end  lspleaent  data  storage  and 


Fig.  t:  A  2.5  XJ  NpMtc  of  tha  25  XI  Shiva 
capacitor  bank. 

retrieval  functions  to  aid  In  post  shot  trouble¬ 
shooting. 

With  this  in  mind,  w*  have  developed  a  digital 
based  control  and  diagnostic  ayatea  with  a  high 
degree  of  electrical  Isolation.  The  control 
ayatea  la  organised  around  the  LSI-11  nlcro- 
conputer  as  shown  In  Fig.  7.  The  LSX-11  Internal 


El 
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Fig.  7:  Block  diagram  of  the  Shiva  pulse  pouer 
control  system. 
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data  bu*  la  extended  throughout  :h«  later  bay  and 
energy  storage  araaa  to  include  all  control  and 
dlagnoatie  point*.  As  shown  (Fig.  7),  a  50  V, 
low  Utpedanee  data  bu*  axtanda  icon  tha  LSI-11  to 
tha  interface  points,  60  kilovolts  o£  optical 
Isolation  la  aaployad  between  tha  LSI-11  and  tha 
bus,  and  3.5  kilovolts  is  aaployad  batvaan  tha  bu* 
and  any  interface  point.  This  syscew  has  baan 
oparating  successfully  in  tha  Shiva  lasar  for  tha 
past  IS  nonths. 

For  h'ova,  tha  sane  approach  will  b*  laplaaanead, 
hovavar,  fiber-optic  links  vlll  b«  uaad  extensively. 
A  prototypa  for  tha  Xova  control  syscta  is 
currancly  undar  tost. 


Fig,  S:  Tv*  20-way  pulsars  Ilka  tha  on*  shown 

abova  ara  uaad  to  drlva  tha  Shiva  Foekals 
calls.  Tha  switch  can  ba  aithar  a 
triggered  spark  gap  or  a  hydrogen  thratron. 


Optical  Cates 

A  variety  of  optical  gatas  have  baan  developed  for 
use  vlthln  the  lasar  chains.  Thasa  can  ba  cata- 
goritad  as  aithar  opening  gatas  (used  to  prevent 
anplified  spontaneous  emission  during  the  puap 
period)  or  closing  gates  (used  to  protect  tha  laser 
Iron  target  back  raf lectad  light) . 


At  tha  snail  aperture  points  (310  ca)  in  the 
lasar  chain,  Foekals  calls  art  used  as  opening 
gates.  At  apertures  larger  than  10  ca,  Foekals 
calls  art  no  longer  practical  because  of  the 
difficulty  of  growing  large  disaster  crystals. 

For  tha  large  aptrtur*  applications  v*  have 
developed  fast  rotating  shutters  which  will  ba 
located  at  the  focal  points  of  tha  spatial  filters 
where  tha  bean  diasecer  is  a  few  allllsatcrs. 


In  general,  tha  Foekals  cell  circuitry  supplies 
pulses  of  about  10  kV  with  rise  tines  of  a  few 
nanoseconds  and  pulse  widths  of  several  tens  of 
nanoseconds.  The  circuit^  shown  in  Fig.  8  is 
currently  in  use  in  both  the  Shive  end  Argus 
lasers.  As  shown,  a  single  sperk  gep  (or  thyra- 
tren)  switches  che  shields  on  20  separate  cables. 
Ike  pulse  width  is  set  by  che  pulse  forsing  cable 
and  the  load  cables  feed  the  Fockels  cells.  Fulse 
to  pulse  jitter  is  less  chin  10  nanoseconds. 


The  rise  cine  end  jitter  requireaencs  for  che 
Fockels  calls  used  in  che  oscillator  switch-outs 
are  considerably  tiora  severe.  Kara,  a  very  narrow 
pulse  la  needed  (V'10  ns)  with  pulse  to  pulse 
jitters  of  auch  less  chan  s  nanosecond.  For  these 
applications  w«  have  developed  planer  criode  pulse 
circuitry  such  as  shown  in  Fig.  9.  The  use  of 
planar  criodes,  constant  resistance  networks  and 
high  frequency  circuit  technique*'1  ha*  aade 
possible  a  i aclly  of  puls*  aapllfiers  with  nano¬ 
second  else  tinea  and  jitters  of  less  chan  100  ps. 
Typical  outputs  are  in  the  range  of  5  to  15  kV. 
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Fig.  9:  Shown  above  is  one  exacple  of  a  fast 

planar  criode  pulse  aaplifler.  A  nusber 
of  these  are  currently  in  operation  pro¬ 
ducing  ouepue  voltages  across  Fockels 
cells  of  3  -  5  kV  with  rise  rises  of 
1-2  ns. 
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dosing  shutters  are  used  to  prevent  bsek- 

reflected  light  from  reentering  th«  laser  chain 
and  damaging  optical  componants.  Peasant  systems 
employ  Faraday  rctator/polarixer  combination*  as 
optica}  gatas.  However,  this  is  an  axpsnsivt 
solution,  especially  at  larga  apertures,  because 
tha  energy  contained  in  tha  magnetic  Held  in  the 
rotator  glass  increases  directly  as  tha  volume. 

In  addition,  tha  rotator  glass  adds  nonlinear  path 
length  to  tha  bean.  tie  have  developed  an  altar- 
native  fast  closing  shutter  *  which  is  located  at 
the  final  spatial  filter  pinhole.  This  shutter 
Clhown  in  Tig.  10)  rapidly  injects  a  plasma  of 
density  greater  than  1021/c*3  (tha  critical  density 
(or  1.0$  micron  light)  across  tha  spatial  filtar 
pinhcla  after  the  outgoing  light  pulse  has  passed. 

A  plasma  velocity  of  about  1  cm  per  microsecond  is 
required  to  insure  tha  pinhole  is  blocked  before 
the  reflected  light  returns.  The  plasaa  is  pro¬ 
duced  by  sublimating  a  snail  ness  of  aluminum  foil 
with  pulsed  energy  from  the  low  Inductance  PFX 
shown  in  Fig.  11.  Eight  of  these  PFH's  are  Marx 
charged  to  50  kV  and  discharged  through  multi¬ 
channel  gaps  into  the  foil.  A  total  energy  of 
approximately  10  kJ  is  required. 


Fig.  10:  A  fast  plasma  shutter  is  used  to  inject 
a  dense  plasma  across  a  spatial  filter 
pinhole  to  block  back-reflected  beam 
from  reentering  the  laser. 

Long  Term  Requirements 

In  the  near  tens,  ve  are  meeting  the  laser  fusion 
pulse  power  requirements  by  Implementing  hardware 
solutions  which  are  based  upon  existing  technology 
of  moderate  extensions  of  existing  technology. 

The  longer  term  requirements  Involve  developing 
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Fig.  11:  Cross  section  of  the  plasma  shutter 
pulsar. 

hardvare  which  will  operate  reliably  for  102  to 
10®  shots  on  a  rep-rated  basis.  Further,  the 
installed  costs  must  approach  a  few  dollars  per 
joule  in  order  for  any  of  the  inertial  confinement 
fusion  driver  options  to  be  economically  feasible. 
This  implies  the  development  of  lower  cost,  rep- 
rateable  energy  atorage  eyatems,  reliablt,  high 
power  solid  atata  switches,  and  sytttm  configura¬ 
tions  which  do  not  Involve  scresilag  dielectrics 
into  the  corona  ragime.  One  such  concspc  is 
illustrited  in  Fig.  12.  As  shown,  the  use  of  a 
fait  discharge  (50  to  100  us)  primary  enargy  souree 
makes  possible  s  system  which  eliminates  the' 
requirement  for  a  transfer  capacitor  and  allows 
for  rapid  charge  of  tha  output  pules  forming  lint. 


Fig.  12:  The  basic  elements  of  a  fasc  charge/ 
discharge  rep-rateable  pulse  power 
system. 

A  key  element  in  this  concept  is  the  high  peak 
power  pulsed  energy  source  and  the  University  of 
Texas,  renter  for  Electromechanics  at  Austin,  is 
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currently  developing  sueh  a  <!«v£c«  ’  (the 

compensated  pulsed  alternator)  ior  the  Later 
Fusion  Pragma.  This  machine,  shown  In  Fig.  13, 

Is  a  rotating  flux  compressor  capable  oi  producing 
segajoulc*  oi  ouepue  energy  over  a  pulse  width 
rang*  iron  several  allllseconda  co  below  100  us. 
The  prototype,  currently  under  test,  is  designed 
to  drive  flashlasp  loads  with  a  half  Billisecond 
pulse  oi  about  100  kA  at  6  kV.  After  verification 
oi  the  prototype  performance,  a  larger  aachlr.e, 
in  the  several  segajoule  class  and  with  an  open 
clreuic  voltage  oi  approximately  13  kV  will  be 
built.  We  hope  to  lspleaent  this  technology  for 
Phase  11  oi  the  Move  project. 


Fig.  13:  Artists  conception  of  the  compensated 
pulsed  alternator. 
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Abstract 

Electromagnetic  power  transport  through  self- 
magneclcally  insulated  vacuum  transmission  llnta 
ha*  b««n  d«v«lop«d  Into  a  useful  and  reliable 
technology.  A  power  density  of  160  TW/m2  has 
been  transported  at  ~  100  percent  efficiency  over 
six  meters.  The  theoretical  understanding  of  power 
flow  through  lines  of  constant  cross  section  has 
progressed  through  analytical  theory  and  2-0  elec¬ 
tromagnetic  particle  simulations.  However,  work 
needs  to  be  don*  on  the  effects  of  line  transitions 
In  which  the  cross  section  changes  in  the  direction 
of  power  flow.  Th*  major  features  of  our  present 
understanding  will  be  reviewed  and  some  promising 
hypotheses  now  under  Investigation  will  be 
presented. 

Introduction 

High  current  particle  beam  accelerators  for 
Inertial  Confinement  Fusion  must  produce  approxi¬ 
mately  30  to  100  TU  of  power  and  deliver  it  to  the 
anode/cathode  (A-K)  gap  at  -1  meter  from  the 
target.  The  limiting  factor1  on  accelerator 
power  has  been  the  allowable  power  flow  through  the 
Interface  between  vacuus  and  the  liquid  dielectrics 
In  the  puls*  forming  network.  Several  authors2-5 
have  proposed  using  many  separate  vacuum  Interfaces 
in  parallel  and  transporting  the  power  to  the  A-K 
gap  through  self-magnetlcally  insulated  transmis¬ 
sion  lines  (MITL).  In  ICF  accelerators,  the 
20-10  ns  puls*  width  is  less  than  or  equal  to  the 
two  way  transit  time  through  the  vacuum  line. 
Consequently,  the  power  transport  must  be  made 
efficient  without  the  benefit  of  choosing  an 
optimum  load  impedance  to  improve  magnetic  insula¬ 
tion.  Self-magnetic  ivisulaclon  in  these  circum¬ 
stances  it  called  the  long  line  or  short  puls* 
problem  and  has  been  the  object  of  major  research 
and  development  efforts  in  the  EBFA°  accelerator 
program  at  Sandla  laboratories  and  the  Angara  V7 
program  at  Kurchatov  laboratory. 

Experiments  on  the  long  line  problem  at  several 
laboratories' ,8,9  showed  net  power  transport 
efficiencies  of  —  60  percent  through  six  to  ten 
meter  long  lines  with  negative  i„n*r  conductors. 
The  efficiency  dropped  to  ~  40  percent  with  the 
positive  inner  conductor  required  for  light  ion 
acceleration. 

♦This  work  was  supported  by  the  U.S.  Dept,  of 
Energy,  under  Contract  DE-AC04-76-DP00789. 


Later  experiments1®  on  the  Mite  accelerator,  which 
is  on*  module  of  E1FA,  revealed  several  loss 
mechanisms.  When  these  mechanisms  were  avoided  by 
redesigning  the  input  into  the  MITL,  the  power 
transport  improved  to  ~  100  percent  with  a  negatlva 
inner  conductor.  The  results  have  been  interpreted 
as  a  set  of  criteria  for  efficient  self-magnetic 
insulation.1  Positive  polarity  operation  was 
not  attempted  at  that  time.  In  a  subsequent  set 
of  experiments,11  which  will  be  briefly  discussed 
at  the  end  of  this  paper,  an  injector  convolute 
that  operated  at  ~  100  percent  efficiency  in  either 
polarity  was  developed  and  adopted  for  E1FA  I. 

In  all  of  these  experiments  the  most  intrinsic  loss 
was  associated  with  the  transition  from  the  weakly 
stressed  vacuum  insulator  to  the  highly  stressed 
magnetically  insulated  transmission  line.  Much  of 
our  recent  power  flow  research  has  been  directed 
towards  elucidating  the  physics  of  that  loss 
mechanism.  In  this  paper  the  basic  phenomena 
associated  with  long  selfuagnetlcally  insulated 
power  transport  will  be  reviewed,  the  elements  of 
our  working  hypothesis  on  the  effects  of  convolute* 
will  be  presented,  and  the  implications  of  the 
hypothesis  on  bi-polarlty  input  convolute*  will  be 
discussed. 

Self-Magnetic  Insulation  in  Vacuum  Feed  Lines  of 
Uniform  Cross  Section 

The  self-magnecically  Insulated  flow  in  a  long  MITL 
is  established  in  the  following  steps  as  indicated 
in  Fig.  la-ldr  When  a  voltage  is  applied  to  the 
parallel  plat*  transmission  line  of  impedance  ZQ, 
a  TEM  wav*  propagates  down  the  line  as  shown  in 
Fig.  la.  When  the  electric  field  in  the  Hnt 
reaches  25  to  40  MV/m,  explosive  emission1*  occurs 
on  the  cathode  and  a  cathode  plasma  forms.  A  coat¬ 
ing  of  carbon  that  is  —  2  x  10-5  m  thick  with  a 
surface  resistivity  of  ~  103  fl/sq  facilitates  the 
formation  of  a  spatially  uniform  cathode  plasma. 

The  plasma  becomes  a  space  charge  limited  source  of 
electrons  which  are  initially  accelerated  across  the 
gap  by  the  electric  field,  as  shown  in  Fig.  lb. 

When  the  magnetic  field  from  the  displacement  cur¬ 
rent  density  If  and  the  electron  loss  current  density 
T.  becomes  sufficiently  large,  the  electrons  behind 
that  point  are  prevented  from  reaching  the  anode 
and  are  magncdcally  insulated  as  shown  in  Fig.  lc. 
Since  the  conductance  is  greater  chan  zero  in  the 
loss  region,  che  region  of  loss  propagates  at  a 
velocity' -10,13-1°  less  chan  c  »  3  x  10B  m/s. 

Behind  che  lossy  front,  che  pulse  propagates  at  c. 


Fig.  1.  The  seeps  in  vhlch  oagnselc  Insulation  1* 

established  are  shewn. 

a.  t  <  25  MY/a. 

b.  E  >  25  W/'t  t  <  X„lcleil 

d.  The  fronc^s^eseabllshed;  V/l  »  ch« 
sail  Halted  iapedanee. 

As  dlscussad  by  Kataev,13  tha  efface  Is  analogous 
ci  i  shock  vava  In  a  gas.  Slnca  cha  shock  velocity 
Is  lass  chan  cha  sound  speed  bahlng  cha  {tone,  cha 
energy  propagates  co  the  shock  front  and  steepens 
cha  pressure  profile  until  cha  vidch  of  cha  shock 
front  is  deceralned  solely  by  cha  nature  of  cha 
ilsslpaclve  process  In  cha  fronc.  Similarly, 
cha  power  flow  eo  cha  lossy  fronc  In  an  "elecero- 
aagneclc  shock" 13  causes  the  voltage  profile  co 
sceepen  until  1c  is  lialced  by  space-charge-llalced 
electron  flow  In  cha  fronc.  In  cha  Mica  exped¬ 
ients,  che  oeasured  rlsecise  of  cha  fronc  was 
United  by  the  frequency  response  of  cha  Kogowskll 
coil  current  nonlcors  and  cha  recording  oscillo¬ 
scope  to  <  l  ns  after  six  access  of  line. 

The  very  large  di/de  %  2  x  10*4  A/s  Is  advantageous 
for  diode  operation  buc  causes  racher  severe  diag¬ 
nostic  prcbless.  Whan  cha  voltage  pulse  has 
sharpened  co  les  self-lialeed  rlsadna,  cha  struc¬ 
ture  propagaces  down  cha  line  as  shown  in  Fig.  Id. 

The  scruccure  of  che  fronc  deceralnes  che  rado  of 
the  voltage  and  current  behind  che  fronc  and  decer- 
aines  che  sensldvlcy  of  che  electron  flow  co 
percurbadons  In  the  line.  The  scruccure  of  che 
fronc  has  noc  been  adequately  invesdgaced  experl- 
=en tally.  However,  the  2-D  eleccrysagneeic  PIC 
simulations  of  Poukey  and  Sqrgeron*5  and  che 
analytic  theory  of  Sordeev1'  yield  che  following 


Idealised  aodal  of  cha  fronc  aa  Illustrated  in 
Fig.  2.  A  voltage  seep,  which  has  sufficient 
aaplltude  co  font  Cha  cathode  plasaa,  propagates 
down  che  line  ac  cha  velocity  of  c.  Slnca  cha 
lossy  fronc  propagaces  ac  a  velocity  U*  <  c,  cha 
duradon  of  chla  precursor  Increases  with  cIm. 

In  the  leading  edge  of  cha  lossy  fronc,  cha  apace- 
charga-llaitad  electron  ealaslon  loads  down  cha 
volcaga.  hose  of  cha  loss  curranc  Is  lose  at  a 
voltage  of  ‘JO  co  50  percent  of  V  ,  which  la  tha 
volcaga  behind  cha  front.  loch  cha  aagnadc 
field  and  cha  volcaga  incraaaa  with  Increasing 
distance  Into  cha  fronc.  Behind  ehe  loaa  region, 
eha  vacuua  gap  between  cha  electron  flow  and  cha 
anode  Increases  with  increasing  distance  froa  cha 
fronc.  As  cha  electron  flow  recedes  froa  cha 
anode,  cha  aff active  line  Iapedanee  VL/C  Increases 
and  cha  volcaga  lncraatas  co  V0.  Tha  acala  length 
over  which  cha  loaa  occurs  Is  several  daaa  cha  gap 
width.  Alehough  Cha  aeaauraaants  pf  loss  curranc 
danelcy,  0  and  precursor  volcaga'”10  and  pulse 
riaetlaee'-1,0  are  conalscanc  with  this  aodal,  cha 
dace  has  noc  bean  adequate  co  verify  cha  details 
of  cha  scruccure. 


Fig.  2.  Froa  a  2-0  slauladon  Ilka  Ref.  15  by 

J.  W.  Poukey,  cha  volcaga  and  loaa  curranc 
profiles  In  cha  fronc  are  shown  In  (a) 
and  alaccron  crajaccorlas  are  shown  In 
(b).  Tha  cocal  lose  curranc  Is  177  kA 
cue  of  a  total  curranc  of  650  kA  for 
V  -  2.6  MV. 


Tha  dtcails  of  cha  franc  scruccure  are  laporcanc 
because  chay  determine  cha  cocal  curranc  If  and 
boundary  curranc  I3  (l.e. ,  che  curranc  flowing  in 
che  eacal,  negative  elaccroda)  chroygh^he  MITL 
behind  cha  fronc.  The  i-D  theories l8“*“  have 
shown  ehac  cha  a  concinuua  of  solutions  axisc  for 
cha  cocal  curranc  In  a  MITL  ac  a  given  volcaga. 
Each  solution  corresponds  to  a  different  value  of 
I>/!f  and  a  dlfferenc  boundary  co  cha  electron 
flow,  aa  Illustrated  In  Fig.  3  for  parapocencial"0 
flow  In  a  2  MV  line  of  Iapedanee  Z. .  The  correcc 
solucion  of  che  i-D  flow  Is  deceralned  by  che  2-D 
flow  in  che  fronc. 

The  experlaencs  with  shore,  self-ilalced  lines  and 
long  self-aagnecically  lnsulaced  lines  have  shown 
chae  ehe  rayio^pf  V0/I-Z  Is  a  function  of  che 
voltage. fhese  data  are  Inccrpreced  In 


Fig.  3.  The  rang*  of  parapocential  solutions  for 
lT  at  art  function  of  Lj/Ij  for  V0  »  2  MV 
it  shown*  Each  solution  corresponds  co  a 
different  position  of  tha  alaccroo 
shaath  in  tha  gap  D. 


«JA 

Fig*  4  through  tha  parspocencial““  nodal  to  yield 
tha  ratio  Ig/IT  and  X./d0  in  which  Xt  is  tha  thick-* 
natt  of  tha  electron  Slow  and  d0  is  tha  vacuum 
gap.  If  X(/d0  “  1)  tha  alactron  flow  antlraly 
fills  tha  vaeuua  gap  and  tha  flow  is  called  satu¬ 
rated.  If  X(/d0  <  1,  tha  flow  is  unaaturatad 
and  chare  is  a  vaeuua  gap  between  tha  flow  and  the 
anode.  The  ratio  of  X4/dQ  indicates  the  sensitivity 
of  the  power  transport  to  saall  perturbations  in 
tha  gap  separation.  If  the  flow  is  very  dose  to 
tha  anode,  than  saall  perturbations  in  the  line 
gaoaetry  aay  cause  tha  shaath  to  fluctuate  and 
part  of  the  flow  to  be  lost.  The  parapotentlal 
nodal  say  not  exactly  describe  the  flow  in  a  MITL, 
for  exaapla ,  the  2-D  simulations13  show  chat  the 
shaath  boundary  is  diffusa  and  is  not  discontinuous 
as  the  parapotanclal  nodal  requires.  However,  the 
location  of  the  shaath  boundary  atreps  with  the 
soda  1  .fnd,  both  experiments' "10,23>2‘*  and  slaula- 
tiocs13  have  shown  sufficiently  good  a  agreement 
with  the  nodal  to  Justify  the  utility  of  the  nodal. 
Ve,  therefore,  conclude  chat  the  higher  voltage 
MITL  is  lass  sensitive  to  gap  tolerances  and  line 
perturbations,  and  efficient  transport  is  nore 
readily  achieved  at  the  higher  voltages. 


Fig.  4.  The  ratio  of  Wig  tn<*  X£/D  vs.  V  free 
data  in  self-limited  experiments. 


Tha  lost  problaa  at  low  voltages  is  cospoundtd  by 
the  formation  of  an  anodt  plassa  produced  by  boar 
bardnent  of  tha  anode  by  electrons  from  the  satu¬ 
rated  flow.  When  tha  r*ode  plasma  is  produced,  an 
ion  lots  currant  flows  to  the  cathode  and  it  not 
affected  by  sagnetlc  insulation.  This  condition 
is  followed  by  rapid  shorting  of  the  line  at  the 
two  plataat  expand  across  the  gap.  Theta  affact|( 
have  bean  observed  in  200  to  400  kaV  experiments” 
but  never  in  2  MeV  experiments.*"11  Finally, 
the  velocity  of  propagation  of  the  front  it  depen¬ 
dant  on  the  voltage  and,  hence,  a  larger  fraction 
of  the  pulse  is  eroded  away  at  low  voltage. 
Although  the  velocity  is  pulse  dependent,  tha 
experimental  data  in  Fig.  4  and  the  theory  in 
Kaf.  14  can  be  used  co  esclnata  the  front  velceity 
$,C  for  a  square  voltage  pulse  as  shown  in  Fig.  3. 


Fig.  3.  The  front  velocity  as  a  function  of 
voltage.. 


For  an  input  pulse  of  duration  iB,  the  duration 
7  of  the  output  pulse  after  L  asters  of  line 
would  be  (Tln  -a/dfc)(l/lf-l).  For  7ln  -  40  us, 

L  -  6  n,  70ttn  •  10  ns  and  34  ns  for  V-  «  0.2  M,\V 
and  2.0  Mev  respectively.  Consequently,  the 
higher  voltage  is  extremely  advantageous  for 
efficient  power  and  energy  transport. 

The  power  delivered  co  a  load  at  the  end  o '(  a  self- 
magnecically  insulated  transmission  line  is  very 
sensitive  co  the  load  impedance  Z, .  If  the  vacuus 
wave  impedance  without  electron  flow  is  Z0,  then 
the  electron  space  charge  and  current  density 
distribution  in  the  gap  causes  the  line  to  operate 
at  Z^  -  ZQ.  For  all  conditions,  O  i,»  less  than 
one  and  is  a  function  of  voltage.1 *•”  At 
0.3  MV  and  at  2  MV,  cr  equals  0.33  and  0.63  respec¬ 
tively.  When  the  line  is  ct rains ted  in  Z^  >  2. 
the  difference  between  the  load  current  1^  *  V/Z^ 
and  the  current  required  for  magnetic  insulation, 

Lj.  -  V/Zj,  is  lost  to  the  positive  conductor 
next  co  the  load,  and  there  is  no  reflected  wave. 
Consequently,  for  Z^  >  Z,,  the  voltage  is  V0, 
the  matched  voltage. 

If  Z,  <  Z^,  the  wave  is  partially  reflected  fros 
Che  load.  The  reflected  wave  increases  the  total 
current  and  decreases  the  voltage.  The  electron 
flow  is  compressed  much  closer  co  the  cathode  under 
such  conditions  and  the  line  impedance  becoaes 
Z2  «  ZQ.  The  boundary  between  Z  ■  Z^  and  Z  - 
Zj  as Z0  travels  back  through  the  line.  The 
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forward  going  vav*  wish  voltage  V0  In  ch«  region 
uhe re  2  »  2.  ««4*  a  mismatch  so  2*2,,  and  another 
ac  2  •  2^.  Consequently,  the  load  voltage  la 


„  *Vm*L 

\  "  u  -  2,)(Z  +  2  ) 

0  LUO 


(l) 


and  the  load  eurrene  Is  V,  /z, .  for  a  short  cir¬ 
cuit,  1L  *  (V0/2,)(«r/(l  t  aj)  and  la  always 
lass  than  twice  the  matched  load  curraac  V  /Z^. 
The  approximate  load  Una  lor  a  MITL,  based  on 
this  nodal  Is  shown  in  Fig.  6  with  data  from 
Ref.  9  and  10. 


I 


FI;.  8.  Tha  nornallxad  load  voltage  as  a  function 
of  2j_0ad/2o  for  a  line  wish  Vn  -  2  MV. 


A  'Jorklng  Hvpothaais  for  tha  Effaces  of  tha 
Convolute*  on  Self-Magnefcically  lnaulacad  Flow 

The  discussion  in  the  proceeding  section  w**  based 
».o  tha  assunptlon  that  the  electron  flow  behind 
tha  front  reaches  an  equilibrium  and  is  stable.  The 
existence  of  such  an  equilibrium  in  1-0  flow  jus 
bean  the  subject  of  theoretical  discussion26"*8  and 
has  been  ^icqd  to  explain  experimentally  observed 
l3*ses.?'*',,_9  However,  the  Mite  experiments**' 
indicate  the  stability  of  the  flow  is  governed  by 
how  the  transition  is  oade  between  the  weakly 
stressed  vacuum  insulator  and  the  highly  stressed 
line,  !.«.,  the  injection  convolute  or  transition 
section.  The  results  of  two  different  transition 
sections  from  the  Hite  experiment*9  are  shown  in 
Fig.  7.  The  l  cm  taper,  in  which  the  line  separa¬ 
tion  decreased  from  2  cm  to  1  cm,  showed  severe 
losses  in  transported  current  and  eh*  time 
integrated  electron  energy  distribution  at  the 
oueput  as  shown  in  Fig.  7b.  The  lots  occurred 
between  0.5  and  1.5  a  into  eh*  line  and  that  region 
had  strlatlons  on  the  cathode  thac  were  approxi¬ 
mately  1  cm  in  axial  extent  and  10  cm  apart.  The 
periodic  structure  suggested  that  an  Instability 
grew  with  a  growth  length  to  saturation  of  —  0.50 
m  and  a  wavelength  of  ** 10  cm.  The  apparent  insta¬ 
bility  has  not  been  identified. 

The  It  cm  caper  showed  excellent  transport  of  cur¬ 
rent,  and  the  electron  energy  distribution  ac  the 
output  agreed  with  chat  Inferred  from  che  input 
data  as  shown  in  rig.  7b.  There  was  no  evidence 
of  the  scriacions  on  the  cachode  or  of  any  periodic 
structure. 


Fig.  7.  Summary  of  che  Hite  data  for  0.01  *  transi¬ 
tion  and  O.H  a  transition  sections  are 
shown  in  7a  and  7b  respectively.  The  line 
profile,  the  input  current  1Q  snd  output 
current  lj,  and  the  electron  energy  dis- 
crlbucron'ac  che  input  (— )  and  output 
{ - )  are  shown. 


The  interpretation  of  this  rssulc  forms  a  working 
hypothesia  that  is  currently  being  explored  theo¬ 
retically  aqd  experimentally  at  Sandia.  Early  1-0 
theoriae*8"**  featured  electrons  with  che  canonical 
momentum  in  che  direction  of  che  electron  flow  X 
given  by  Px  *  V*UX  -  *AX  •  0,  in  which  Y  is  the 
usual  relaclvlscic  factor  for  an  electron  with  rest 
mass  a,  charge  (-*),  and  axial  velocity  Ux  ac  a 
position  when  the  vector  potential  in  the  axial 
direction  is  A-j,  The  1-0  flow  has  been  generalised 
by  C.  W.  Mendel2*  for  sn  arbitrary  distribution 
of  P„,  and  he  demonstrated  that  electron*  with 

K  «  0  r  IK  >  o  .11  flow  in  the 
space  between  electrodes.  Their  orbits  do  not 


intersect  either  the  cathode  or  the  anode.  The 
upper  and  lower  bounds,  ?  and  ?  ,  are 

determined  by  the  self-conilscenc  distribution  of 
Ax(y)  and  che  voltage  V(y)  across  che  gap. 


Since  Ux  •  (P„  +  *Ax)/>bi,  a  distribution  in  P„  pro¬ 
duce*  a  distribution  in  Ux  ac  any  position.  The 
electrons  are  either  born  in  the  uniform  MITL  or 
are  bom  In  eh*  convolute  Immediately  before  the 
line.  The  Lagrangian  of  an  electron  In  the 
magnetically  insulated  flow  is  given  by 
L  »  T  +  *V  -  UXAX.  From  Lagrange's  equation 
with  ?x3  5l/aOx ,  dPx/dc  «  5L/3X.  In  the  uniform 
line,  o/dX  “  0  so  ?x  is  a  constant  of  tha  motion. 

If  Aj,  "  0  and  Y  •  0  ac  tha  cathode  surface,  then 
?x  •  0  for  the  electrons  originating  ac  tha  cachode 
in  tha  uniform  lint.  These  eleccrou*  are  assumed 
to  b*  the  dominant  electron  species. 


In  tht  transition  convolute  leading  into  the  uni¬ 
form  line,  3/0 x  r  0  and  dP^dc  r  0.  .Vs  these 
electrons  flow  through  the  convolur'  they  acquire 
a  nonzero  canonical  moaencua  and  provide  a  second 
species  of  electrons  flowing  in  the  uniform  line. 
The  second  species  has  a  distribution  Fj(Px),  and 
so  che  total  canonical  momentum  distribution  is 


F(?x)  -  F^P,,)  x-  ::sfi(Px> 
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In  which  «PX>  -  0  If  \  r  0  and  <PX)  -  l  if  Px  •  «. 
«nd  S'0  1*  th<  masher  density  of  sero  canonical 
momentum  electrons  In  th«  flow  at  a  position  (x,y). 


Th«  stability  o f  th«  flow  depends  on  th<  details 
of  F(PX) .  Consequently,  we  need  to  estimate 
F(PX)  produced  by  a  given  convolute.  A  non-self 
consistent  analysis  of  the  electron  flow  through 
Injector  has  been  performed30  and  Is  based  on 
the  assumption  that  parapotentlal  theory  Is  locally 
applicable  at  each  position  In  the  convolute.  The 
calculated  distributions  F(PX)  suggest  that  a 
broad  distribution  Is  correlated  with  efficient 
transport  end  a  very  narrow  distribution  Is  corre¬ 
lated  with  losses  In  the  experiments.  Further 
analysis  Is  In  progress  and  an  experiment  to 
measure  F(FX)  la  the  uniform  MITt  with  a  laser 
acactf'.ng  technique  Is  being  studied  to  determine 
its  feasibility.  2 


In  susaary,  the  primary  features  of  tha  working 
hypothesis  are  1)  convolutes  can  produce  electrons 
with  nor.-tero  Fx,  2)  these  electrons  flow  through 
uniform  self-magnctlcally  Insulated  lines  for  many 
050)  Urmor  radii,  3)  these  electrons  Interact 
with  each  other  and  the  Px  ■  0  electrons  of  the 
main  flow  to  cause  the  observed  losses,  and  A)  the 
distribution  F(?x)  Is  governed  by  the  convolute 
geometry  and  determines  the  stability  and  power 
transport  efficiency. 

lergeroc  and  Foukey32  have  suggested  that  an  Insta¬ 
bility  between  the  beam  electrons  and  chose  with 
Px  •  0  Is  not  necessary.  Rather  Fj.(Px)  may  have  a 
sufficient  number  of  electrons  to  account  for  all 
the  losses.  In  their  model,  the  beam  electrons 
fro*  the  convolute  random  walk  their  way  to  the 
anode  and  are  lost  from  the  system.  The  hypothesis 
Implies  a  very  broad  distribution  of  Px  with 
;!]*  *  me  In  the  loss  region  In  contrast  to  the 
-1PX  ar  10"°  me  calculated  from  the  convolute  model.30 
The  measurement  of  F(PX)  should  test  this  hypothe¬ 
sis  but  it  Is  unlikely  to  explain  the  regular 
strlatlons  on  the  cathode.  0 


Recent  Experiments  and  Implications  of  the  Working 
Hypothesis 

Vhen  the  polarity  of  the  center  conductor  is 
reversed,  the  distribution  of  V(x,y)  and  Ax(x,y) 

Is  generally  changed.  For  low  impedance  coaxial 
systems  with  a  gap  separation  d  «  r  and  for 
parallel  plate  systems,  the  Lagrangian  changes 
very  little  when  the  polarity  changes.  Two  dimen¬ 
sional  electromagnetic,  PIC  simulations  of  tha  two 
polarities  in  the  same  system  with  d/r  «  0.7, 
showed  very  minor  differences  in  the  behavior  of 
the  flow,33  However,  if  the  injector  convolute 
has  Inner  and  outer  conductors  of  different  shapes 
then  the  net  power  transport  efficiency  for  the 
positive  Inner  conductor  is  about  60  percent  of 
that  for  a  negative  inner  conductor. 3l* 

A  new  injector  convolute3,3,  was  designed  and  tested 
on  Mite  to  reduce  the  asymmetry  between  the  positive 
and  negative  polarity  nodes  of  operation.  A  cross 
section  of  the  geometry  taken  through  the  mid-plane 
is  shown  In  Fig.  8a.  The  vacuum  impedance  profile 
as  c  function  of  distance  into  the  convolute  was 
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Fig.  8.  The  EBFA  I  transition  section  and  its 
profile  of  vacuum  Impedance  vs.  X  arc 
shown. 


between  the  lossy  and  the  efficient  profiles  of 
Fig.  7,  as  shown  in  Fig.  8b.  Since  the  transition 
1s  very  gradual,  the  distribution  F(PX)  Is  expected 
to  be  broad,  although  it  has  not  been  calculated, 
and  hence  is  expected  to  cause  efficient  power 
transport.  The  power  transport  efficiency  through 
the  six  meter  long  MIT1  was  inferred  fro*  the 
total  current  with  a  self-limited  load,  from  the 
voltage  calculated10  from  the  measurements  of  Lj 
and  I.  in  the  self-limited  mode,  and  from  the  short 
circuit  current  Interpreted  with  the  M1TL  load  line 
in  Fig.  6.  These  measurements  Indicated  95  +  8  per¬ 
cent  power  transport  efficiency  In  either  poTarlty. 
The  development  of  an  injeccor  chat  works  effi¬ 
ciently  in  either  polarity  was  guided  by  the  working 
hypothesis  and  extends  the  utility  of  EBFA  I  to 
include  ion  diodes  that  require  positive  polarity. 

Conclusions 


Substantial  progress  in  developing  self-magneclcally 
Insulated  power  flow  has  been  made  In  the  past 
three  years.  In  regions  where  the  cross  section 
changes  with  the  direction  of  power  flow,  the 
details  of  the  geometry  determine  the  behavior  of 
the  flow.  The  mechanism  by  which  Che  geometry 
determines  the  power  transport  is  currently  under 
investigation.  Additional  research  on  the  electron 
flow  through  convolutes  of  both  types  and  all 
polarities  may  be  expected  to  improve  the  power 
that  can  be  delivered  co  an  inertial  confinement 
fusion  target. 
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Abstract 


Repetitively  pulsed  vacuvaa  baa*  dlodaa  will  ba 
required  for  nose  projected  lnartlally  confined 
fusion  sy scans.  Tec  data  on  cba  operation  of 
dlodaa  uadar  repetitive  pulsing  la  aparaa.  Thia 
papar  discusses  tha  oparaclon  of  a  ISO  kV, 

1.5  kA/ca2  dloda  ac  repetition  racaa  co  30  X*  for 
auatalnad  run a.  Sborc  car*  aeabllicy  la  cyplcally 
3  par  cant  (acandard  davladon).  Long  a  r  cat*  char* 
la  a  drift  coward  higher  lapadanc*  ac  cba  acarc  of 
cba  pulaa.  Dacalla  on  chla  ddfc  and  a  coaparlaon 
of  chla  procaaa  for  a  rachar  blunt  varaua  a  a Harp 
•dgtd  cacbod*  ara  praaancad. 

Introduction 


Tb*  development  of  rapaddcvaly  pulaad  vacuo*  baa* 
dlodaa  la  crucial  co  nose  inardal  confinaaanc 
fuaion  (1CF)  concapta  wbacbar  cba  drlvar  ba  elee- 
crona,  light  Iona,  or  laaara.  Typical  pula* 
rapaddon  frequencies  (PRF's)  being  dlacuaaad  ara 
10  Hr  or  laaa  based  on  factors  Ilka  cba  apaad  ac 
which  a  raaccor  can  bo  racydad  batwaan  ahoca  and 
ch*  FRF  naadad  co  pruduc*  a  raaaonabl*  power  output 
(parhapa  1  CV)  given  a  raaaonabl*  pallet  yield 
(100  HJ).  The  race  llaicadon  la  noc  In  general 
baaad  on  pulaad  power  conaldaradona.  Inacaad  ic 
la  assumed  that  pulaad  power  system*  can  b* 
davalopad  co  provide  rapacidvaly  pulaad  drivara 
of  aulcabl*  PUT. 

Thia  papar  addraaaaa  ch*  operation  of  vacuua  baa* 
dlodaa  In  rapadtlv*  aarvlca.  Problaaa  apaelflc  Co 
Individual  ICF  achaaaii  a.g.  rapadtlv*  extraction 
of  pinched  baaae  for  particle  baa*  application*  or 
anode  extraction  foil  aurvlval  In  ch*  caa*  of  laaar 
dloda*  arc  noc  conaidarad.  Inacaad  ch*  aubjacc  la 
ch*  general  atabllity  both  abort  and  long  car*  of  a 
dloda  In  ch*  abaanc*  of  ch*  eranaporc  of  anode 
notarial  to  the  cathode  (blowback). 

Experimental  Detail* 

Data  were  taken  with  ch*  RTF-I  100  Hz  high  volcag* 
puller  (transformer  driven,  oil  in*ulac«d,  9.5  n, 
700  kV  PFlr)  attached  to  the  diode  ahown  In  Fig.  1. 
At  the  left  aide  of  the  figure  1*  one  aide  of  the 
self-breaking  gat  oueput  spark  gap  of  RTF-I.  Oil 
insulation  ends  In  a  diaphraga  type  vacuua  inter¬ 
face  designed  co  operate  at  pulse  foralng  line 

•Thia  work  was  supported  by  the  U.S.  Dept,  of 
Energy,  under  Contract  DE-AC04-76-DP00789. 


volcagaa  In  excaaa  of  1  MV.  The  cathode  dl**et*r 
la  United  co  S  cm  or  lata  so  that  ch*  baa*  area 
la  ac  note  20  cm.  Typical  operating  volcagaa 
are  200  co  350  kV;  thus  Co  natch  ch*  9.5  O  FFL  the 
anoda-co-cathoda  (A-K)  spacing  at  calculated  iron 
ch*  space  charge  United  flow  aquation 
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is  In  ch*  order  of  G.5  cm.  (Th*  dloda  volcag*  V  is 
in  nagavolcs.  A  and  d  ara  the  bean  area  and  A-K 
spacing.)  “ha  anode*  uaad  war*  0.3  cm  chick  aluminum 
place*  backed  by  a  water  jacket.  Calculation  and 
axparlnanea  Indicate  that  th*  anod*  should  ba  able 
co  survive  baa*  heating  racaa  corresponding  co  ac 
least  30  Ha. 


Diode  voltage  was  measured  with  an  Integrated  dV/dt 
monitor  located  ac  the  output  end  of  the  high 
voltage  gas  spark  gap.  It  reproduced  the  diode 
voltage  waveform  and  could  be  consistently 


calibrated.  However,  In  common  with  all  ln:«|ractd 
monitors  It  produced  a  low  output  voltage  unaulted 
for  Input  to  the  waveform  digitizer  to  be  discussed 
later.  In  contrast  a  resistive  voltage  monitor 
located  In  the  annular  water  reeletor  shown  In 
Tig.  1  reproduced  the  tesporal  thape  of  the  diode 
voltage  waveform  but  did  not  appear  to  maintain  a 
conelttent  calibration.  It  wae  originally  cali¬ 
brated  along  with  the  dV/dt  and  a  capacitive 
monitor  aeaaurlng  the  FTL  voltage  using  micro¬ 
second  pulses  at  voltages  up  to  90  kV.  All  three 
nonltors  agreed  on  temporal  shape  and  aeplltude. 

For  short  (<S0  ns)  pulses  the  dV/dt  wae  later 
found  to  read  30  percent  higher  than  the  annular 
resistor.  Measuring  the  leading  edge  of  an  open 
circuit  load  shot,  the  dV/dt  gave  an  output  voltage 
equal  to  the  FFL  voltage  but  the  annular  resistor 
was  33  percent  low.  This  lapltes  that  the  dV/dt 
monitor  Is  correct.  Vhenever  resistive  monitor 
vavefaras  are  used  their  aeplltude  has  been 
rescaled  catch  the  dV/dt  aonltor. 

Figure  2a  (upper  trace)  shows  the  annular  resistor 
output  for  a  typical  event.  It  compares  well  with 
the  dV/dt  waveform  of  Fig.  2b.  Olode  current  as 
eeasured  by  a  0.133  0  low  inductance  resistive 
shunt  (CVk)  Is  shown  In  the  lower  trace  of  Fig.  2a. 
The  diode  has  a  definite  "turn  on'  phase  during 
which  the  emitting  cathode  plasma  Is  forming.  It 
Is  characterized  by  a  voltage  spike  and  a  delay  to 
significant  current  flow.  After  emission  has  begun 
the  voltage  drops  to  a  plateau  value  which  uniquely 
specifies  the  diode  Impedance  (Z)  through  the 
relation 
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where  ZQ  and  Vp?,  are  the  FFL  characteristic 
Impedance  and  voltage  respectively.  Inductive 
corrections  are  Insignificant  at  this  point  because 
dl/dc  Is  small.  If  Vp^  Is  measured  as  the 
maximum  diode  voltage  for  an  open  circuit  shot,  Z 
say  be  computed  from  Z  and  the  ratio  v?L.vr»M|/vprL 
which  is  Independenc  or  the  probe  calibration.  In 
practice  the  Impedance  thus  measured  was  used 
togecher  with  the  measured  diode  voltage  to  cali¬ 
brate  the  current  measurement. 


Fig.  2.  Vavaforas  from  a  relatively  mew  roll  pin 
cathode. 

a.  Volcace  (upper  trace,  120  kV/div) 
current  (lower  trace,  15  kA/dlv) 

20  as/dlv. 

b.  V  voltage  (20  as/dlv,  120  kV/div). 


A  second  voltage  plateau  (and  an  associated  second 
current  plateau)  occurs  when  the  voltage  reflected 
from  the  diode  during  the  cum  on  phaee  returns  from 
rt-refleeclon  at  the  transformer  end  of  the  FFL, 

For  a  new  cathode,  as  la  the  right  photograph  of 
Fig.  3,  the  two  plateaus  are  well  defined.  As  the 
cathode  ages  due  to  repetitive  pulsing  the  turn  on 
phase  takes  longer  end  the  leading  voltage  spike 
widens  and  destroys  the  first  plateau  (left  photo). 
The  second  plateau  becomes  longer  with  the  net 
effect  chat  the  total  energy  delivered  to  the  load 
remains  relatively  constant  (to  about  10  percent). 
This  Is  presumed  to  be  a  consequence  of  the  feet 
chat  there  la  nowhere  for  the  energy  originally 
scored  in  the  FFL  to  go  on  a  nanosecond  time  scale 
except  Into  the  diode.  Energy  reflected  from  the 
diode  early  In  time  will  ultimately  return  and  be 
converted  Into  beam. 


(a)  (b) 

•  • 

Fig.  3*  Waveforms  for  a  ring  cathoda. 

a.  Aged  cathode  waveform  (20  ne/cm,  upper 
trace  voltage  at  120  kV/dlv,  lower 
trace  current  ec  13  kA/dlv). 

b.  Hew  cathode,  tame  scales  as  a. 

To  follow  the  aging  procaaa  and  to  get  a  good 
measure  of  shoc-co-ahoc  stability  requires  the 
analysis  of  many  events.  Frocesslng  a  sufficient 
number  of  photographs  to  properly  diagnose  a 
repetitively  pulsed  diode  run  Is  time  consuming 
and  tha  most  Interesting  events,  e.g.  those 
Immediately  preceding  diode  failure,  say  ba  com¬ 
pletely  lose.  Therefore,  a  waveform  digitizer 
cspable  of  recording  voltage  and  current  waveforms 
at  FRF's  In  excess  of  100  Hz  was  developed.  Esch 
waveform  Is  split  Into  24  separate  signals  using 
high  fidelity  raslsciva  splitter*.  These  24  wave¬ 
forms  are  scaggered  In  doe  by  4  ns  using  cable 
delays  and  a  small  (<4  ns)  cima  slice  of  each  Is 
digitized  using  24  fast  sampling  analog-co-dlgical 
converters  (ADC's).  Each  waveform  Is  sampled  at 
the  same  reel  time  thus  because  of  the  scaggerlng 
of  the  waveforms  the  points  actually  sampled  arc 
separated  by  4  ns  from  waveform  to  waveform.  The 
first  sample  Is  taken  12  ns  prior  to  the  waveform; 
so  the  first  three  ADC's  sample  baseline.  There¬ 
after  up  to  80  ns  of  waveform  nay  be  digitized. 
Because- the  ADC's  sample  only  negative  signals 
any  positive  efterpulse  Is  lost.  The  raw  data 
from  each  event  is  scored  on  magnetic  cape  for 
subsequent  analysis.  A  fraction  of  the  data  are 
also  analysed  online  co  monitor  the  progress  of 
the  experiment.  The  ADC's  require  lnpuc  signals 
■■>£  several  volts  amplitude  (after  a  24:1 
division)  thus  forcing  the  use  of  the  resisclve 
monitor  output  for  the  voltage  waveform. 


gesults 

Figures  -  and  5  shov  digitizer  output*  for  a  new 
cathode  and  (or  on*  aged  by  10 5  abuts.  The  Mr 
was  20  Ha.  These  data  were  taken  with  a  cathoda 
nad«  of  roll  pins  (0.16  ca  diameter  hollow  cylin- 
dars)  «ountad  on  a  brass  baching  (Fig.  6).  Tha 
array  produced  a  basa  1  ca  In  diameter.  Tha  pins 
hava  sufficient  electric  field  enhancement  at  their 
tip  to  turn  on  quickly  but  also  wear  out  rathe: 
rapidly.  The  pins  on  tha  outer  perimeter  of  the 
cathode  aaltad  bach  as  much  as  0.2  cs  during  the 
10*  shots  between  the  data  In  Figs.  6  and  2. 

Erosion  of  the  inner  pins  was  lass  severe.  The 
figures  show  the  readjustaent  of  the  voltage  and 
current  uaveforas  during  aging  as  previously  dis¬ 
cussed.  Notice  that  the  iapedance  late  In  else 
(beyond  10  ns)  Is  virtually  unchanged  during  the 
aging  process.  This  late  In  time  plain*  has  formed 
on  the  cathode  and,  since  the  driving  voltage  is 
unchanged,  the  iapadance  should  be  the  sane. 


Fig.  A.  Digitizer  output  waveforms  for  a  new 
cathode  (left). 


Fig.  5.  Digitizer  output  waveforms  for  an  aged 
cathode  (right). 


Fig.  6.  Used  roll  pin  cathode  together  with  anode 
showing  beam  damage. 


Figure  2  Illustrates  the  aging  process  In  another 
type  of  cathode,  one  without  the  large  field 
enhancements  present  at  the  tips  of  the  roll  pins. 
This  cathode  emits  from  the  edges  of  concentric 
rings  cut  into  a  brass  block  (Fig.  7).  The  wave¬ 
forms  arc  rather  similar  and  the  aging  Is  qualita¬ 
tively  the  same.  Quantitatively  the  roll  pin 
cathode  ages  somewhat  more  rapidly.  If  the 
Impedance  at  the  peak  of  the  voltage  waveform 
(normalized  to  the  value  at  the  outset)  Is  plotted 
versus  accuamulated  shots  (Fig.  S),  the  roll  pin 
Impedance  increases  much  more  rapidly  beyond  22,000 
shots  than  the  ring  cathode  Impedance  does.  The 
roll  pin  Impedance  doubles  in  20,000  shots  but  the 
ring  cathode  iapedance  requires  almost  twice  as 
many. 


Fig.  7.  Used  ring  cathode  with  anode  showing  beaa 

damage. 
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Fig.  8.  Change  In  the  diode  iapedance  at  voltage 
aaxlauo  vs.  aceuasulaced  shots.  The  docs 
and  downward  pointing  arrow  refer  to  che 
roll  pin  cathode.  Circles  and  upward 
arrows  correspond  to  che  ring  cathode. 


This  plot  also  illustrates  several  ocher  point* 
about  cathode  aging.  It  Is  r.ot  strongly  rats 
dependent.  The  roll  pin  <Iata  to  45,000  shots  were 
taken  at  10  Hx.  After  a  ch*n|«  to  10  Ht  the  data 
continued  along  the  i»m  lint.  The  aging  process 
can  b«  reversed  by  a  light  application  o f  diffusion 
punp  oil  to  tha  cathoda  surface  as  Indicated  for 
both  cathoda  types.  The  ring  cathoda  photographs 
of  Fig.  3  show  voltage  and  currant  for  a  single 
shot  immediately  after  oiling  an  aged  cathoda 
(ltft)  and  for  tha  second  shot  after  oiling 
(right).  The  first  shot  Is  equivalent  to  an  aged 
cathode  event,  the  second  to  a  fresh  cathode.  In 
fact,  as  illustrated  in  Fig.  8  after  oiling  the 
cathode  becomes  a  better  enltter  than  l:  was  at 
the  start  of  the  run. 

As  regards  shot-to-shoc  stability,  Fig.  4  and  S 
deaonatrat*  that  it  Is  quite  sood.  The  'error 
bars'  on  those  waveforms  mark  one  standard  devia¬ 
tion  variances  about  she  mean  values.  They  are  in 
general  at  the  level  of  3  percent,  during  the  flat 
portion  of  the  pulse  and  somewhat  larger  on  the 
rising  and  falling  edges.  The  voltage  is  slightly 
note  stable  than  the  current.  Measurements  of 
very  stable  calibration  pulses  have  standard  devia¬ 
tions  below  l  percent  even  on  the  leading  and 
trailing  edges.  Thus  the  Jitter  due  to  the  dlgltl- 
ser  la  negligible  (it  adds  quadrature  with  the 
diode  Jitter  to  produce  the  observed  result).  The 
data  show  that  diode  stability  does  not  change  as 
the  cathode  ages.  There  is  apparently  tome  varia¬ 
tion  in  the  rate  at  which  cathode  plasma  is  pro¬ 
duced  which  creates  the  variability  of  th«  leading 
edge.  This  is  reflected  in  a  change  in  the  overall 
pulse  length  reflected  in  che  trailing  edge  Jitter. 
This  nay  accounc  for  che  variations  through  the 
center  of  che  pulse  a*  well. 

Suns  on  the  roll  pin  and  ring  cathodes  lasced 
100,300  and  157,000  shoes  respectively.  The  roll 
pin  data  were  distributed  approximately  equally 
between  10  and  20  Hs.  The  ring  cathode  data  were 
at  20  and  30  Hs.  Anode  damage  with  che  roll  pint 
was  worse  at  20  Hs  chan  was  che  damage  from  che 
ring  cathode  at  30  Hs,  but  in  neither  case  was  the 
run  stopped  by  diode  failure.  The  data  of  Fig.  8 
clearly  indicate  che  need  to  continue  runs  to  the 
point  where  the  aging  terminates  or  becoaes  catas¬ 
trophic.  Such  data  will  be  taken  in  che  near 
future. 

Conclusions 

Vacuum  beam  diodes  have  been  shown  to  operate 
stably  for  at  lqasc  10 •*  shots  at  current  densities 
of  1  to  2  kA/ea“.  Shoc-co-shoc  stability  of  3  per¬ 
cent  implies  power  and  iopedance  stability  of  4 
percent,  which  in  turn  implies  a  stability  for  the 
total  efficiency  of  conversion  of  PFL  energy  co 
beam  energy  of  che  same  level.  Long  cera,  the 
diode  impedance  early  in  time  drifts  upward 
resulting  in  more  beam  being  delivered  In  che  fora 
of  ifcerpulse.  Depending  upon  the  application 
this  may  or  may  not  poae  a  problem.  For  example 
In  qhls  configuration  an  old  cathode  produces  a 
rather  square  current  pulse  of  decreasing  voltage 
which  could  be  useful  for  some  purposes. 


As  to  che  origin  of  the  aging,  two  mechanisms 
immediately  suggest  themselves.  It  could  result 
from  the  destruction  of  cathoda  whiskers  whose 
explosion  is  thought  to  produce  che  cathode  plasma. 
This  would  be  a  process  equivalent  to  che  breaking 
in  of  SC  vacuum  insulators.  In  that  case  the  SC 
voltage  Is  raised  slowly  while  the  Insulator  Is 
separated  from  che  power  source  by  a  high  impedance. 
Very  low  current  discharges  occur  which  do  not 
damage  che  electrodes  but  do  remove  the  major 
vhlakars  so  chat  che  hold  off  voltage  Increases 
with  each  discharge.  In  this  way  the  hold  off 
voltage  Is  slowly  brought  to  che  desired  vslut. 

In  che  present  esse  the  discharged  current  Is  not 
constrained  co  be  small  and  electrode  damage  does 
oceur.  frvercheless  over  tens  of  thousands  of 
shots  whisker  removal  may  oceur. 

Aging  could  also  result  from  the  destruction  or 
'covering  over*  of  whiskers  by  anode  blowbeck.  To 
distinguish  these  two  possibilities  there  are 
several  options.  One  can  look  for  whiskers  before 
and  after  aging  In  an  attempt  to  detect  any  net 
gain  or  losa.  This  may  b«  a  difficult  cask  to 
perform.  One  may  attempt  eo  change  the  blowbeck 
co  change  che  aging  as  for  example  by  changing 
anoda  material  or  beam  current  density.  To  tha 
axtenc  chat  blowbeck  Is  tncrsssed  with  increasing 
repetition  race  Fig.  I  argues  against  its  being 
the  cause  of  aging  because  che  aging  process  was 
rats  Independent  Finally  an  examination  of  the 
extant  co  which  blowback  debris  covers  che  emitting 
artss  of  tha  cathode  could  determine  whether  blow- 
back  can  eliminate  a  significant  fraction  of  che 
cathode  whiskers.  All  the  above  options  are  cur¬ 
rently  being  explored. 

If  che  aging  problem  results  from  anode  blowbeck  It 
could  be  significant  to  pinched  beam  diode  opera¬ 
tion  in  where  blowbeck  may  bo  severe  even  with  a 
nominal  plasma  anode.  The  present  experiments  are 
so  remote  from  such  a  diode  thac  no  conclusions 
should  be  drawn.  However,  If  the  aging  is  a 
result  of  whisker  loss,  sharp  edged  emitters  (with 
relatively  fewer  emission  slcss)  should  age  faster 
then  blunt  cathodes.  Thus  sharp  edged  emitters 
such  as  che  foils  used  In  laser  diodes  say  change 
their  emission  characteristics  quite  rapidly  in 
long  term  service  and  say  require  either  a  breaking 
in  period  or  periodic  salncenance. 
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Abstract 

Th<  voltage  distribution  and  currant  in  a  space 
charge  limit  ad  cylindrical  diode  are  calculated  by 
mean*  of  a  simple  computer  program.  Relativistic 
formulation  is  uaad.  and  tha  result*  ara  appllcabla 
up  to  tha  limit  of  significant  baam  pinch.  Tha 
accuracy  is  0. 15. 


and  hanca  tabulation  ii  not  practicable  for  voltages 
in  excess  of  200  kV.  Consequently  a  simple  pro* 
gram  in  BASIC  was  written  for  a  timeshara  com¬ 
putar  to  solve  cases  of  interest.  This  is  appended. 
Fig.  2  shows  a  typical  result,  tha  perveance  fall¬ 
ing  by  435  as  tha  voltage  is  raised  to  10  MV.  The 
cathode/anode  diameter  ratio  was  5  in  this  case. 

Method  of  Calculation 


Introduction 

This  paper  describes  the  calculation  of  current 
density  and  voltage  distribution  in  cylindrical 
electron  guns  working  in  the  megavolt  region.  The 
current  is  assum'd  to  be  space  charge  limited. 

The  cathode  in  this  example  is  larger  than,  and 
concentric  with,  the  anode.  The  companion  case, 
anode  radius  greater  than  cathode  radius,  is  very 
similar.  The  current  is  assumed  radial,  and 
magnetic  effects  have  been  Ignored.  The  geome¬ 
try  is  shown  in  Fig.  1,  the  Pierce*  electrodes  pro¬ 
ducing  the  same  radial  electric  field  distribution 
outside  the  beam  as  the  space  charge  produces  in¬ 
side  the  beam. 


The  units  are  MK5.  Consider  a  unit  lengthd  me¬ 
ter),  with  the  cathode  surface  at  a  radius  R{  and 
the  anode  at  a  radius  R,.  Let  the  intervening  die- 
tance  be  divided  up  into  a  number  of  equal  parts. 

If  each  tube  or  shell  has  a  very  small  radial  width 
D,  we  can  take  the  space  charge  in  it  as  essentially 
uniform. 


The  first  step  is  to  place  a  small  arbitrary  voltage 
across  the  first  shell.  The  current  is  calculated 
from  the  plane  parallel  diode  approximation^ 


4«<(2Rj-D)V1‘5 

9D“ 


Even  at  low  \oltages,  where  relativistic  correc¬ 
tions  can  be  neglected,  solution  of  this  problem  is 

not  simple  and  the  r»*  ‘e  usually  given  in  a 

2  3 

tabular,  rather  t*  k  f,,c  form  *  .  At  very 
high  voltage,  .  , *-.,ce  is  a  function  of  voltsge 


This  current  is  the  same  for  all  shells.  The  field 
on  the  inside  surface  of  the  first  shell  is  E=4-//3D 
as  shown  by  Langmuir^.  The  average  voltage  in 
the  next  shell  is  calculated  by  extrapolation. 


V*  >  V  +  ED/2 

From  this,  w»  obtain  the  relativistically  correct 
electron  velocity  using  the  two  equation! 

W«  fS-lV'/c2 
m 

U  ■  c  V  w2  T  2W  /Cl+wi 

This  give*  u*  the  space  charge  density  and  hence 
the  change  In  Held  (using  Gauas1  theorem). 

dE  „  D  r  I  I 
da  "  “l  *  (r-d!  [e  2*<ruJ 

This  give*  the  average  voltage  for  the  next  shell 
and  the  calculation  is  repeated.  The  computation 
proceeds  until  the  anode  is  reached.  We  then  have 
a  value  for  the  diode  voltage  and  Its  corresponding 
current.  This  process  can  be  repeated  for  differ¬ 
ent  values  of  voltage  placed  across  the  first  shell, 
until  the  current/voltage  characteristic  is  ade¬ 
quately  described. 

This  method  has  been  used  for  other  geometries: 
tor  'he  plane  parallel  case  it  is  more  convenient 
than  the  analytic  expressions  that  have  been  derived, 
it  could  also  be  noted  that  this  method  gives,  as  a 
byproduct,  the  voltage  distribution  in  the  diode. 

This  voltage  distribution  is  required  for  the  design 
it  the  end  electrodes. 

Basic  Program 

The  urogram  listing  is  in  BASIC  and  follows  the 
method  given  above.  Lines  10-20  read  in  the 
electrode  radii,  the  number  of  shells  F  and  the 
skip  number  S.  The  number  of  shells  should  be 
several  thousand,  in  the  listing  it  is  4000.  The 


skip  number  is  the  required  number  of  voltage 
printouts.  In  the  example  given,  it  is  10  which 
means  that  the  voltages  at  9  equally  spaced  inter¬ 
mediate  radii  are  printed  out.  It  should  be  noted 
that  F/S  must  be  an  integer. 

The  computer  asks  for  a  start  voltage.  10  volts  is 
convenient,  and  the  computation  proceeds  as  above. 
Lines  230-320  govern  the  printout  of  the  interme¬ 
diate  voltages,  note  that  K  is  a  counter.  When  the 
iteration  is  completed  the  computer  prints  out  the 
diode  characteristic*  and  asks  for  a  fresh  start 
voltage.  The  operator  supplies  a  value  such  that 
the  diode  voltage  is  closer  to  the  desired  value. 

In  this  manner,  the  diode  characteristics,  as  a 
function  of  voltage,  may  be  mapped. 

Accuracy 

The  program  was  checked  for  the  low  voltage  case 
and  accuracy  improved  with  number  of  steps,  up 
to  a  limit  of  10,  000.  At  4000  steps  the  accuracy 
wa«  ~  0.  lir«.  The  calculations  are  valid  up  to  the 
region  of  magnetic  pinch.  This  occurs  when  the 
diode  impedance  is  comparable  to  (or  less  than) 
the  coaxial  impedance 

a, 
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10  READ  R l  >R2*  F » S 

20  DATA  2« 1/4000* 10  M" 

40  PRINT  "START  VBLTAGE")  Flyura  2  PEF 

SO  INPUT  V 

60  IF  V<IE~4  THEN  410 

70  PRINT"CATHBDEM I R t l"ANf  DE"T?(2j "METERS  RADIUS" 
BO  D-<R1-R2>/F 
90  RaRl 

100  I>|.446SE~S«VM'S/D/D«(R1-D/Z> 

130  E«4*V/3/D 
1 40  K-0 
150  PRINT 

160  PRINT"RAOIUS  KV" 

170  FBR  N«l.  TB  F 
180  K»K-»1 

190  W«l.9575B9E-6*^V*E/2*D) 

200  U»2.99774E8*S8RCVt2*8*W>/< !♦¥> 

210  P«I/U*U7970E10  \RH0/EPSILfN 
220  REN  El  IS  CHANGE  BF  ELECTRIC  FIELD 
230  E1»D«<P*E)/<R-D> 

240  REM  8N  TB  NEXT  SHELL 
250  R«R-D 

260  V«V*<E*E1/2)»D 
270  E»E*E1 

280  IF  K«F/5  THEN  330 

290  V1»V/10P0 

300  PRINT  USING  310/R/V1 

310  tie. tit  imi.it 

320  X»0 

330  NEXT  N 

340  PRINT 

350  PRINT  1 7 "AMPS" J V 1 1 "KV" 

360  Z-V/I 

370  Pl«l*lE6/V» 1 «S 

380  PRINT  ZJ"0HMS" JP 1 J"MI CR0PERVEANCE" 

390  PRINT 
400  GO  TO'  40 
410  END 


1  _ 

12  14  li 

MICK)  KINS 


Flyura  2  PERVEANCE  v»  VOLTAGE 


Figure  3.  Program  Lilting 
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Abstract 

Toilless  diodes  used  Co  product  ioctnst 
annular  relativistic  electron  beams  have  been 
simulated  using  the  time-dependent,  two-dimen¬ 
sional  particle-ln-cell  code  CiJUBE.  Current 
densities  exceeding  200  kA/ca“  have  been 
obtained  in  the  siaulationa  for  a  5  MeV,  35  0 
diode.  Many  applications,  including  aiccovave 
generation,  collective  ion  acceleration  and 
high-density  plasaa  heating  require  a  laainar 
electron  flow  In  the  beaaa.  The  aiaulation 
results  indicate  that  foillesa  diodes  iaaersed 
in  a  strong  external  aagnetic  field  can  achieve 
such  a  flow.  Diodes  using  technologically 
achievable  aagnetic  field  strengths  (-100  kC> 
and  proper  electrode  shaping  appear  to  be  able 
to  produce  beaaa  with  an  angular  scatter  of 
less  than  35  arad  at  the  current  densities  and 
energies  aentioned  above.  Scaling  of  che 
lopedance  and  teaperature  of  the  beaa  as  a 
function  of  geoactry,  aagnetic  field  strength 
and  voltage  is  presented. 

Introduction 

toilless  diodes  nay  be  used  for  the  produc¬ 
tion  of  intense  annular  relativistic  electron  beaaa 
for  nicy  applications  Including  aicrouave  genera¬ 
tion,  collective  ion  acceleration  and  high-density 
plasaa  heating.*  Conventional  foil  diodes  have 
been  found  to  suffer  froa  an  lopedance  collapse 
when  plasaa,  generated  by  electrons  striking  the 
.inode  foil,  propagate  froa  the  anode  to  the  cath¬ 
ode  thereby  electrically  shorting  the  diode.  This 
problon  is  eliminated  by  using  a  foilless  diode, 
thus  allowing  higher  current  densities  than  can  be 
obtained  with  a  foil  diode.  In  addition,  the  elec¬ 
tron  bean  generated  by  a  foilless  diode  is  not 

perturbed  by  passing  through  a  foil  cor  is  it  nee- 

** 

essary  to  replace  a  foil  for  repeated  operation. * 

Although  there  has  been  soae  investigation  of 
relativistic  electron  beaa  generation  by  foilless 
diodes  a  firm  understanding  of  the  diode  has  been 


lacking.*'*  V*  have  analysed  the  sialic  diode  il¬ 
lustrated  in  Fig.  1  to  determine  the  scaling  of 
diode  impedance  and  beam  temperature  as  a  function 
of  geometry,  magnetic  field  strength  and  voltage. 
Some  investigators  have  assumed  that  the  foilless 
diode  impedance  is  determined  by  the  maximum  cur¬ 
rent  allowed  by  space  charge  in  the  drift  cube. 
Our  analysis  indicates  that  the  diode  Impedance  is 
determined  by  the  equilibrium  that  the  beam  obtains 
which  is  not  necessarily  the  equilibrium  which 
gives  the  space-charge  limiting  current. 

Impedance  Model 

Because  most  applications  require  a  beam  with 
laminar  flow  it  is  useful  to  model  the  beam  formed 
by  the  foilless  diode  by  the  cold  fluid  equations. 
In  an  azruuthally  symmetric,  axially  homogeneous 
equilibrium,  the  equations  describing  the  beam 
depend  only  on  the  radial  coordinate,  r.  The  equa¬ 
tions  to  be  solved  are 


®c'/e  yPgVr  =  Ef  ♦  peB.  -  (5^  (1) 
dBs/dr  =  innejlg  (2) 
d(rBg)/dr  *  -AnnerPz  (3) 
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d(rSf)/dr  =  -4r.ner  (4) 

where  m  'ind  e  ace  the  aa*s  and  charge  of  the  elec¬ 
tron.  The  only  nonzero  fluid  variable*  are  the 
density  n  and  the  axial  and  azimuthal  fluid  veloc¬ 
ities  p_  and  {lg  (divided  by  the  speed  of  light  c). 
The  nonzero  fluid  variables  are  the  radial  elec¬ 
tric  field  E_,  the  azimuthal  magnetic  field  B#,  and 
the  axial  Magnetic  field  8„.  The  relativistic 
factor  is  denoted  by  y>  Because  the  cathode  is  an 
equxpotcntial  surface,  conservation  of  energy 
assumes  the  following  font: 

dy/dr  *  -eEr/«c2  (5) 

Because  there  are  only  five  equations  and  six 
unknowns  another  condition  wist  be  specified.  K 
condition  which  leads  to  an  analytically  tractable 
solution  of  the  equilibrium  equations  and  which 
becomes  increasingly  better  satisfied  at  larger 

Q 

energies,  is  to  choose  |Jz  to  be  independent  of  r. 
Defining  the  following  quantities  Y|  |  *  (1  “  P12)'*1 
and  s  y/Yj  |  an  equation  for  Yj  can  be  found 
whose  solution  is  given  in  tens  of  elliptic  Jacobi 

Q 

functions.  The  total  beaai  current  v,  Measured  in 

3 

units  of  nc  /e  is  given  by  this  Model  as 

v  =  Uvf ,  -  D(yJ0  *  i;CY J#  t  a2))  */2  (6) 

where  Y10  i*  Y^  evaluated  at  the  outside  edge  of 

the  beac,R  ,  and  a  is  an  arbitrary  constant.  De- 
o  2 

fining  wco  b  eB„(R0)/nc  we  find 

Rowco/c  =  (Yio  *  1),J  +  Wi  +  *2)ii  (7) 

and  In  =  F($,k)/(a2  +  1)^  (8) 

where  R.  is  the  inside  betM  radius,  6  =  Cos  *(y  *) 

1  1  O 

and  k  =  a/(a“  +  1)’  and  F($,k)  is  the  incoMplete 
elliptic  integral  of  the  second  kind. 

In  addition  to  Eqs.  (6)-(8),  we  require  that 
the  total  energy  of  the  electrons,  kinetic  and 
potential,  be  equal  to  the  potential  drop  between 
the  anode  and  cathode.  Thus, 

Ya  =  *|  |  Vio  +  2V/PZ  ln  VRo  (9) 

where  R,  is  the  anode  radius  (see  Fig.  1).  The 
relativistic  factor  that  the  electrons  would  have 


upan  reaching  the  anode  is  denoted  by  Y(.  Voronin, 
et  al.  have  used  these  equations  and  additional 
assuMptions  to  find  the  space-charge  United  cur- 

e 

rent  as  a  function  of  Magnetic  field.  However, 
there  is  no  a  priori  reason  to  sssumc  that  the 
bean  produced  by  the  diode  will  be  launched  into  an 
cquilibrlun  which  will  transmit  the  Maxinun  current. 

If  the  applied  external  Magnetic  field  pene¬ 
trates  the  cathode  then  conservation  of  canonical 
angular  momentum  takes  the  fora: 

<&  *  <a0Wco/c  ■  Rc  wc'*oc)'2  (l0) 

2 

where  u£  *  eBQ/ca  and  Bg  is  the  applied  Magnetic 
field.  The  cathode  radius  is  denoted  by  R^.  If 
in  addition  we  assunc  that  the  laminar  electron 
flow  is  along  the  self-consistent  Magnetic  field 
lines,  then  the  flux  between  the  axis  and  the  outer 
edge  of  the  bean  is  equal  to  the  applied  flux  be¬ 
tween  the  axis  and  the  cathode  radius.  On  the  tine 
scale  of  Most  experiaents,  the  Magnetic  field  pro¬ 
duced  by  the  beaM  cannot  diffuse  through  the  anode 
wall.  Therefore,  thr<  flux  between  the  outer  edge 
of  the  bean  and  the  anode  will  be  equal  to  the 
applied  flux  between  the  cathode  and  anode.  These 
conditions  nay  be  written  as 

Rc2«c/c  *  2  Ro(Yio2  ‘  1)11  +  Rifl  +  a2),S  (11) 

and  u.co(R2  -  Rj)  *  w.(rJ  -  R2)  .  (12) 

Equations  (6)-(12)  font  a  complete  set  of  equa¬ 
tions  which  can  be  solved  (numerically)  to  determine 
the  inpedance  of  the  foilless  diode.  In  order  to 
insure  laninar  flow,  it  is  necessary  to  apply  a 
large  external  Magnetic  field.  Therefore  a  useful 
approximation  can  be  obtained  by  taking  the  infinite 
Magnetic  field  limit.  One  then  finds  that  the  beam 
becoaies  infinitesimally  thin  with  radius  R£  and  that 
the  beam  approaches  a  nonrotating  equilibrium.  The 
diode  impedance  in  this  limit  becomes 

Z  =  15(Y1-l){lYa/(l+4  In  R4/Rc)]2-lf 0.  (13) 

should  be  noted  that  this  formula  is  invalid 
for  low  voltage,  probably  owing  to  our  assumption 
of  0z  being  independent  of  r. 


Diode  Simulations 

A  two-dimensional  relativistic  time-dependent 
particle-ln-cell  simulation  code,  CCU8E,  hat  been 
used  co  cost  chc  impedance  model  and  |tin  insight 
into  the  parameters  affecting  beta  quality.10  An 
eaitslon  algoritha  in  the  code  eaica  charge  froa 
the  cathode  turface  at  a  tufficieot  rate  to  satisfy 
the  space-charge  liaited  eaistion  boundary  condi¬ 
tion,  i.e. ,  the  electric  field  noraal  at  the  cathode 
is  rero.  the  diode  siaulacions  were  run  with  a 
transverse  eleccroaagnctic  (TEM)  wave  launched  froa 
the  left  in  Fig.  1  onto  the  coaxial  transmission 
liae.  By  not  allowing  the  first  few  cells  to  calt, 
one  can  control  the  impedance  of  the  driver  to  the 
diode,  which  in  ail  cases  was  taken  to  be  37  0. 
Typically  the  length  of  the  simulation  region,  L, 
was  S  to  10  ca.  lapedances  and  beaa  paraaeters 
are  measured  when  the  systea  consisting  of  the 
transmission  line  driver  with  the  diode  load  bad 
reached  steady  state.  At  this  tiae  the  voltage 
on  the  diode,  V,  is  given  by 

V  =  2VwZ/(Z0  +  Z)  (14) 

where  Z  is  the  diode  impedance,  ZQ  is  the  transmis¬ 
sion  line  impedance  and  Vy  is  the  voltage  of  the 
TEM  wave  launched  onto  the  line.  Diagnostics  in 
the  code  Include  voltage  and  particle  current 
probes,  Rogowskii  Coils  as  well  as  impedance  probes 
located  at  several  axial  positions.  At  the  end  of 
the  simulation  region  diagnostics  include  Faraday 
Cups,  calorimeters  and  density,  mean  velocity,  and 
temperature  measurements  as  a  function  of  radial 
position. 

Simulation  Results 

From  Eq.  (13)  ve  see  that  for  large  applied 
magnetic  fields  the  diode  impedance  depends  only 
•an  the  voltage  and  the  ratio  of  the  anode  to  cathode 
radius.  Figure  2  shows  the  results  of  several 
simulations  performed  with  a  =  5.1  MV  and  a 
cathode  radius,  Rc  =  1  cm.  Because  of  the  impedance 
mismatch,  the  voltage  across  the  diode  varied  from 
3.5  to  6.0  MV  in  accordance  with  Eq.  (14).  the  open 
circles  represent  simulations  performed  with  an 
applied  magnetic  field  of  100  RG  and  an  A-K  gap, 

5,  (see  Fig.  1)  of  0.4  cm.  The  triangle  represents 
a  run  with  the  same  parameters  but  with  6  =  0.2  ca. 


Fig.  2.  Current  versus  ratio  of  anode  to  cath¬ 
ode  radius  for  various  foilless  diodes. 

The  dashed  line  is  from  Eq.  (13).  The 
solid  line  is  the  space-charge  limit. 

Two  runs  at  40  kG  and  5  *  0.4  cm  are  denoted  by 

inverted  triangles.  The  square  designates  s  run  at 

55  kG  in  which  the  anode  wall  is  continued  straight 

at  the  original  transmission  line  radius,  Rj,  of 

1.85  ca  so  that  5  •*  ».  The  dashed  line  is  obtained 

from  Eq.  (13).  The  solid  line  is  the  space  limiting 

current  for  the  infinitesimally  thin  beaa  in  the 

14 

infinite  magnetic  field  limit.  The  simulation 
data  in  all  cases  lies  well  below  the  space-charge 
limiting  current  and  rather  close  to  the  current 
given  by  the  impedance  formula  of  Eq.  (13).  All 
the  simulations  were  performed  with  a  cathode  tip 
thickness,  c  in  Fig.  1,  of  0.135  ca  except  the  run 
at  55  kG  which  had  e  equal  to  Rc.  At  100  kG  the 
beam  thickness  was  found  to  he  approximately 
0.03  cm,  thus  it  is  unlikely  that  much  effect  would 
be  found  for  c's  larger  than  this  value.  T  se  very 
thin  beams  can  yield  current  densities  exceeding 
700  RA/cm  . 

Because  Eq.  (13)  was  obtained  for  the  infinite 
magnetic  field  limit,  it  is  desirable  to  determine 
the  effects  of  finite  magnetic  field.  Figure  3 
shows  the  results  of  a  series  of  simulations  per¬ 
formed  with  Vw  =  5.1  MV,  Ra  =  1.27  cm,  6  =  0.4  cm, 


And  £=0.135  cm.  Tlic  dashed  curve  is  obtained  (roe 
the  numerical  solution  of  Eq*.  (6)-(12).  The  solid 
curve  is  the  space-charge  United  diode  theory  of 
Voronin,  et  ai.^  The  diode  operates  well  oclow 
the  space-charge  Unit  and  again  agrees  well  with 
the  laalnar  flow  impedance  aodel.  The  bcaa  strikes 
the  anode  wall  at  25  kC  and  for  all  values  of 
applied  field  below  this  value  the  transaitted  elec¬ 
tron  current  gradually  diainishes  owing  to  current 
loss  to  the  anode.  Although  the  diode  iapcdance 
does  not  vary  auch  with  magnetic  field,  the  temper¬ 
ature  as  sieasured  by  the  mean  annular  scatter  of 
electrons  around  the  beaa  propagation  direction  was 
found  from  the  simulations  to  vary  from  200  arad  at 
27  kO  to  less  than  60  arad  at  100  kG.  The  large 
magnetic  field  makes  it  more  difficult  for  the  elec¬ 
trons  to  cross  field  lines  and  create  teaqierature 
by  aixing. 

One  would  expect  that  as  £  is  increased  to 
larger  values  that  the  beaa  produced  by  the  foil¬ 
less  diode  would  come  to  equilibriua  before  it 
"sees"  the  reduced  anode  radius  R#.  The  existence 
of  this  effect  is  verified  by  the  series  of  simula¬ 
tions  shown  in  Fig.  A.  The  paraaeters  of  the 
simulations  include  BQ*100  kC,  Vm*5,1  MV,  R^l.5  cm, 
and  c*0.135  cm.  The  upper  dashed  curve  was  calcu¬ 
lated  froa  Eq.  (13).  The  lower  dashed  curve  was 
also  calculated  froa  Eq.  (13)  but  with  R(  equal  to 
outer  radius  of  the  transmission  line  feed  R^.  As 
seen  froa  the  data,  the  diode  impedance  aakes  a 
sudden  transition  froa  an  equilibrium  with  an  anode 
radius  of  R(  for  small  6  to  an  equilibriua  with 
anode  radius  R^  at  large  6.  The  value  of  6  at  the 
transition  point  is  roughtly  one-half  of  the  cathode 
radius  for  this  case.  The  actual  transition  point 
is  probably  governed  by  the  distance  the  beaa  must 


on  diode  impedance. 


Fig.  A.  Current  versus  A-K  gap,  6,  for  the 
foillcss  diode. 


propagate  froa  the  cathode  tip  to  reach  equilibrium 
and  must  certainly  depend  upon  the  current  density. 

For  large  values  of  6,  the  bcaa  gains  kinetic 
energy  as  it  approaches  the  region  in  which  the 
anode  radius  is  reduced  to  R^  asking  it  stiffer  and 
less  likely  to  phase  mix.  Simulations  have  shown 
beaa  teaperatures  below  25  arad  for  this  scheae, 
which  is  near  the  numerical  resolution  of  the  code. 
Use  of  these  ideas  in  diode  design  show  promise  for 
producing  very  laminar  bcaas. 
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Abstract 

Ic  la  ahovn  that  Ion  curranca  extracted  fro*  a 
saving  plasaa  can  be  incraaaad  by  a  factor  of 
*>  v/Cj  (v-plasma  flow  valocity,  c(-lon  acouatlc 
speed)  aa  coapared  with  a  stationary  plasma  of  tha 
same  danaity  and  temperature.  .1  conical  3-pinch 
gun  la  uaad  to  accalaraca  plasma  with  danaity  n 
%  1011  ea""*  to  valocity  v  “u  107  c*/a.  Total 
currtnta  LOO  A  of  10-20  fcaV  Iona  vara  obtainad 
froa  an  S  ca  disaster  axcraerion  syataa. 

Introduction 

Recent  inccraac  in  high  curranc  ion  and  alactron 
source*  has  baan  prlxarily  dua  to  thair  potential 
use  in  fusion  related  studies.  Feat  development 
of  neutral  beaa  injactora  for  plaaaa  heating  re¬ 
sulted  In  construction  of  high  currant  ion 
1^3 

sources  capable  of  delivering  up  to  100  A 
currents  of  LO-AO  keV  energy  in  quaal-steady  or 
pulsed  operation.  In  thesa  sources  increaa*  of 
extracted  ion  current  can  be  achieved  by  increase 
of  plasm*  density  or  teaparature.  In  tha  source 
described  here  the  increase  of  the  extracted 
current  results  froa  the  use  of  a  aoving  plaaaa  as 
the  source  of  ions.  The  advantage  of  this  ap¬ 
proach  lies  in  the  relative  ease  of  plaaaa  accel¬ 
eration  co  high  velocities  in  comparison  with 
jeneracion  of  a  sufficiently  dense  plasma  and 
nesting  it  co  sufficient  temperature  -  especially 
in  large  diameter  systems.  Furthermore  with  high 
velocity  injection  of  the  ions  into  the  extraction 
jap,  che  space  charge  limited  current  determined 

*T 
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by  Child-Laagmuir  law  increases  thus  allowing  ex¬ 
traction  of  higher  ion  currents.  This  effect  la 
expeclally  significant  in  tha  case  of  low  extrac¬ 
tion  voltages  and  high  plaaaa  velocities.  A 
limitation  of  this  type  of  ion  aource  la  chat  ic  is 
a  pulaed  aource  with  pulse  duration  limited  by 
plasaa  lifetime. 

In  che  conventional  aechod  of  ion  current  genera¬ 
tion,  che  current  per  unit  area  collected  by  a 
negative  electrode  in  a  plasma  is  given  by  che  Zohm 

4 

formula  which  for  T  »  T,  gives  J_  »  O.Ane  x 
U  «  x  o 

(2kT4/Mj,K  where  T#  and  Tt  are  the  electron  and  ion 

caaperacurns,  n  la  the  electron  density  and  Mt  if 

the  ion  mesa.  The  current  collected  is  thus 

proportional  to  the  Ion  acoustic  speed  cj,  che 

speed  at  which  che  ions  tncar  tha  sheath  surrounding 

che  electrode.  However  if  che  plaaaa  were  aoving 

at  a  speed  v  »  cj(  in  che  collisionless  case  of 

1  »  R  (where  X  is  che  collision  length  and  R  Is 

the  radius  of  che  electrode)  che  currenc  density 

collected  by  a  cylindrical  probe  transverse  co  che 

flow  direction  would  be  given^  by  Jv  ■  nev.  The 

currenc  for  a  given  plasaa  is  now  limited  only  by 

the  attainable  flow  velocity  provided  ic  is  less 

chan  che  space  charge  limited  currenc  determined 

by  extraction  system  geometry  and  voltage.  Thus  it 

should  be  possible  co  extract  ion  currents  much 

larger  chan  che  saturation  ion  currenc  predicted 

by  the  3ohm  theory.  A  pair  of  closely  spaced 

transparent  electrodes  can  be  used  co  extract  the 

beam  from  che  moving  plasma.  If  che  first  electrode 

of  the  extraction  system  is  charged  highly  positive 

with  respect  co  che  plasaa  potential,  che  plasma 
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on  reaching  the  electrode  would  attain  this  applied 
potential)  The  electric  field  £  in  the  apace 
between  the  electrodes  lets  the  jap  play  the  role 
of  an  artificial  sheath  while  an  ion  beta  aaerges 
through  the  second  electrode.  Since  the  ions 
enter  the  sheath  at  the  flow  velocity  v,  the  ex¬ 
tracted  current  would  b«  given  by  «  nev,  at  an 
energy  defined  by  the  applied  potential. 

Exnerlaent 

The  experiaental  setup  is  shown  in  figure  1.  The 
plasaa  was  produced  in  a  pyrex  pipe  of  disaster 
10  ca  by  a  conical  0-pinch  systea  (coil  length  20 
cs,  angle  15°).  A  low  inductance  0.73  UF  capacitor 
charged  up  to  40  kV  was  discharged  into  the  coil. 
The  ringing  period  of  the  discharge  was  2.5  usee. 
The  extraction  systea  consisted  of  a  pair  of 
stainless  steel  grid  electrodes  of  disaster  8  ea 
and  aesh  size  1.8  x  1.8  aa.  The  electrodes  had 
spherical  shapes  of  radius  of  curvature  9.3  ca 
each  for  beas  focussing  purpose  and  spacing  between 
the  two  was  variable  in  the  range  1  to  5  an. 
Variable  voltages  s  were  supplied  to  the  ex¬ 
traction  gap  by  a  0.75  UF  capacitor.  The  voltage 
U£  was  aonltored  by  a  potential  divider  and  a  low 
inductance  shunt  aeasured  the  current  in  the 
gap.  The  extracted  beaa  was  incident  on  a  thin 
stainless  steel  collector  disc.  A  low  inductance 
shunt  aeasured  the  current  X  in  the  beaa  and  a 
calibrated  thermistor  T  attached  to  the  disc  was 
used  to  aeasure  the  energy  in  che  incident  beaa. 
Hydrogen  was  let  into  the  systea  through  a  fast 
pulse-gas  valve.  This  reduced  che  probability  of 
early  breakdown  in  che  extraction  gap.  Triggering 
of  the  6-pinch  vas  cined  such  that  che  plasaa  was 
produced  just  as  che  pressure  front  reached  che 
far  end  of  che  6-plnch  coil.  Typical  operating 
pressure  was  *v>  1  aTorr.  Two  cylindrical  electro¬ 
static  probes  mounted  at  right  angles  to  each 
ocher  were  used  to  aeasure  simultaneously  the 
density,  temperature  and  plasaa  flow  velocity. 

The  aicrowave  system  (X  »  3  ca)  was  used  to 
aonicor  plasma  density. 

Results 

Measurements  of  the  plasaa  parameters  near  the 


extraction  electrodes  wars  mad*  by  the  two  cylin¬ 
drical  Langmuir  probes,  one  parallel  and  the  other 
perpendicular  to  the  plasaa  flow.  Temperature  and 
density  were  obtained  froa  the  characteristics  of 
che  parallel  probe.  Current  to  the  probe  is  not 
affected  by  the  plasaa  flow  since  end  effect*  is 
negligible  in  our  case.  Plasaa  flow  velocity  v 
was  determined  from  che  ratio  of  ion  saturation 
currents  of  che  two  probes.  The  ratio  (i(«/l|)  • 
0.4(A|  |/A|)(cf/v)  where  i||  and  refer  to  ion 
saturation  currents  in  che  parallel  and  perpendic¬ 
ular  probes  and  A(|  and  A(  are  the  effective 
collecting  areas  of  the  probes.  The  plasaa  para¬ 
meters  at  3-pinch  voltages  in  the  range  20*40  fcV 
were:  n  ■  (2.5*9)  x  1011  ca-1,  T^  ■  4*8  eV, 
v  -  (1*3)  x  10T  ca/S.  Xon  acoustic  speed  for  such 
plasaa  parameters  is  3  x  10*  es/s. 

In  order  to  obtain  the  value  of  the  extracted 
current  X^  froa  che  current  X  aeasured  at  the 
collector,  secondary  electron  emission  froa  che 
surface  had  to  be  taken  into  account.  The  acas- 
ured  current  I  »  ^  (1  +  a)  where  a  is  the  effective 
secondary  emission  coefficient  for  che  collector 
surface.  Simultaneous  aeasureaencs  of  X  and  £,  che 
energy  deposited  on  calibrated  collector  disc, 
enabled  determination  of  a  which  under  our  operating 
conditions  was  (1.1  i  0.2). 

Figure  2  shows  a  typical  set  of  oscilloscope  traces 
for  a  6-plnch  charging  voltage  of  35  kV  and  ex¬ 
traction  gap  voltage  of  16  kV.  Tor  the  signal  shown 
in  figure  2b  che  ion  beaa  current  corrected  fer 
secondary  emission  gives  a  value  X^  -  (95  t  1S)A, 
che  error  arising  froa  the  uncertainty  in  the  aeas¬ 
ured  value  of  a.  The  extracted  current  increases 
rapidly  with  Increasing  density  and  is  terminated 
by  electrical  breakdown  in  the  accelerating  gap. 

The  total  current  X^  *v  100  A  corresponds  to  current 
density  'v  2A/cal  which  is  larger  chan  the  space 
charge  limited  current  (j  ^  l.SA/cm1  for  ■  15 
kV  and  gap  separation  d  •  3  am).  Xc  suggests  chat 
processes  occurring  in  che  extraction  gap  result  ir. 
change  of  jsp.  Emission  of  secondary  electrons 
from  che  second  electrode  of  the  extraction  gap  can 
considerably  change  potential  distribution  thus 
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leading  so  the  decrease  of  effective  jap  spacing. 
Recently  published  results*  show  shoe  ac  hijh  ion 
current  danslcias  (>  1.1  A/c=:)  complex  prccassas 
occur  in  she  jap  rasuicinj  la  an  incraasa  in  cha 
effective  secondary  amission  coefficient  which 
causes  addicional  neutralization  of  space  charja. 
figure  3  shows  a  cesparison  of  eh*  axcraccad  ion 
b«as  currant  density  J,  with  the  expected  currant 
Jta  *  nev  calculated  from  the  aeasured  values  of  n 
and  v  as  a  function  of  3-pinch  voltage  tfg.  Also 
Shown  Is  the  bo ha  current  J 3  calculated  froa  eh* 
measured  values  of  n  and  T^.  It  1*  seen  that  J, 
and  Jv  follow  the  saae  curve  and  show  a  steep 
increase  with  3-pinch  voltage,  while  the  Soha 
current  stays  a  relatively  insensitive  function 
of  the  voltage.  In  our  range  of  observations  the 
ratio  lly/Jg)  rises  to  n.  10  which  is  primarily 
due  to  the  Increase  of  v  with  3-pinch  voltage. 

Quality  of  beaa  focussing  was  tested  by  using 
variable  disaster  collectors  which  could  be  aoved 
along  the  axis  of  the  system.  Beaa  size  which  is 
3  c=  ac  the  grids  was  found  to  be  less  chan  1  cm 
ac  the  focus.  Beaa  diameter  was  aeasured  froa 
bum  marks  on  exposed  polaroid  paper.  Olaaecer 
of  the  focal  spot  so  measured  was  7  z*. 

Position  of  the  beaa  focus  coincided  with  the 
gccne trie  focus  of  the  electrodes.  Size  of  the 
focal  spot  suggests  rather  high  value  for  beaa 
eaittance  which  v*  attribute  aainly  to  the  imper¬ 
fections  of  the  eleccroda  shaping.  A  transverse 
tcaponenc  of  velocity  of  the  injected  particles 
could  also  have  contributed  to  the  eaittance. 

Conclusion 

I'se  of  a  coving  plasca  as  a  source  of  ions  can 
increase  extracted  currents  as  cospared  to  a 
stationary  plasca  with  the  sac*  parameters .  Ion 
beass  with  total  currents  n#  100  A  corresponding 
to  current  density  2A/ea:  were  extracted  over  the 
S  cc  diameter  tvo-electrodo  extraction  systea. 
Processes  occurring  in  the  extraction  gap  (second¬ 
ary  electron  ealssion)  lead  to  an  incresse  of 
extracted  current  density  above  che  licit  set  by 
the  Chlld-Langmuir  law.  The  systea  described  here 
seems  to  be  particularly  suitable  for  generation 


of  large  dlaaeter  ion  beams,  “or  *v  30  cm  diameter 
extraction  system  it  would  give  c-tal  Ion  currents 
in  the  rang*  of  1  kA  at  presently  observed  current 
densities.  Further  lncreas*  of  plats*  density  and 
velocity  can  theoretically  Increase  extractable 
current  density  provided  chat  difficult  problem  of 
suppressing  voltage  breakdown  in  che  gap  can  be 
resolved  by  possible  use  of  segnetlc  insulation. 
Further  study  of  processes  occurring  in  che  gap  la 
needed  for  better  understanding  and  possible 
incresse  of  extractable  currents. 
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Fig.  1.  The  experimental  setup. 
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Fig.  2.  Tiae  variation  of:  2*  -  microvave 
signal  transmitted  through  the  plasma 
shoving  cutoff  at  4  us,  2b  -  collector 
current,  2c  -  extraction  gap  voltage  U  . 
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Fig.  3.  Comparison  of  measured  ion  current  density 
calculated  current  density  Jv  *  nev  and 

3oha  current  density  Jg  as  a  function  U.. 
Solid  line:  least-squares  curve  fitted  to 
the  experimental  points  of  J^. 
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Abstract 

31nc*  the  beginning  of  a  project  Intended  co 
denonstrate  the  feasibility  of  using  a  compensated 
pulled  alternator  (compulsitor)  ai  a  power  eupply 
for  NOVA  and  ocher  lolld  state  laeer  systems,  a 
treat  deal  of  Interest  has  been  saturated  in 
applying  this  type  of  machine  to  supply  eaerty  for 
other  types  of  loads.  This  paper  outlines  the 
fundamental  limitation*  imposed  on  the  design  of 
such  a  sachlne  by  the  aechaaical,  thermal,  sei¬ 
ne  :1c,  and  electrical  properties  cl  the  naeeriala 
used.  Using  these  limitations,  the  power  and 
energy  available  from  the  machine  are  calculated 
as  functions  of  sachlne  dimensions.  Several 
configurations  for  the  machine  and  their  relative 
merits  for  various  applications  are  also  discussed. 


Xn  essence,  pulse  rise  times  are  limited  by 

Jl 

inductive  voltage  drop  (L“).  In  its  simplest 
form  an  alternator  consists  of  a  single  cum  coll 
of  wire  spun  in  a  magnetic  field  (Figure  1). 
Increasing  the  output  voltage  of  such  a  machine 

J| 

(co  produce  faster  requires  increasing  the 
magnetic  flux  denaity,  Increasing  the  surface 
speed  of  the  rocaclng  coll,  or  lncreeslng  the 
number  of  turns  in  the  coil.  Ultimately,  the 
magnetic  flux  density  and  surface  speed  of  the 
cell  are  limited  by  material  properties.  The 
alternator  voltage  increases  linearly  wlch  the 
number  of  tume  in  the  coll,  but  unfortunately 
the  inductance,  which  limits  puls*  rise  time, 
rises  with  the  square  of  the  number  of  turns 
resulting  in  no  gain  in  output  power. 


Introduction 

Recently  interest  in  pulsed  power  for  a  variety  of 
applications  including  magnetic  and  inertial 
confinement  fusion  experiments,  advanced  weapons 
svseems  and  industrial  manufacturing  processes 
has  resulced  in  many  developments  in  pulsed  pevar 
supply  technology.  In  several  areas  inertial 
energy  storage  has  emerged  as  an  attractive 
alternative  ta  magnetic  or  electrostatic  energy 
storage  because  of  the  very  high  energy  densities 
available  at  relatively  .aw  cost.  The  problem  of 
converting  the  stored  inertial  wurgy  to  electrical 
energy,  however,  r.as  nor  been  satisfactorily 
resolved  in  most  cases.  Conventional  alternators 
are  limited  ir.  power  output  by  their  own  internal 
impedance  and  although  pulsed  hoaopolar  gener¬ 
ators,  having  low  internal  impedance,  are  capaole 
jf  very  high  power  outputs,  they  accomplish  this 
at  low  voltages  which  are  not  always  desirable. 
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Figure  1:  Simple  Alternator 


The  compensated  pulsed  alternator  or  eompuisator 
(Figure  2}  use*  a  stationary  coil  almost  identical 
so  tht  rotating  on*  and  connected  Is  teriee  wish 

\  t 

is  so  increase  output  power  by  flux  compression.  " 
A*  ch*  two  colls  approach  on*  another,  she  magnetic 
field  generated  by  sh*  ouspus  curr«oc  la  crapped 
between  them  ant  compressed  and  sh*  effective 
induesase*  ix  therefore  r*due*d.  Vh«n  sha  svo 
coil  exes  coincid*  sh*  isduesanea  la  minimised, 
bus  sh*  alternator  voltage  can  b«  as  ica  maximum 
valua.  This  raaulst  is  sh*  ganarasion  o f  a  vary 
larg*  magnitude  currass  pulaa  fro*  sha  aachiaa. 

Is  addisios  sh*  ccapulxacor  (nispuc  volsagt  during 
sha  induesane*  chaag*  can  b*  considerably  hlghar 
shas  sh*  opan  circuit  volcaga  dua  to  l—  effaces. 

As  sha  rocatir.g  coil  paaaaa  th*  stationary  os*  sh* 
induesane*  again  riaax  so  isa  sorsal  (highar) 
valua,  coaaucasing  sha  pulaa  of!. 


Flgurs  2:  Cospanaasad  Pulsed  Alsarsator 

Sine*  sh*  compulsacor  la  aaaansially  a  variabl* 
inductor  in  aariaa  wish  a  convantional  alternator, 
and  depend*  upon  minimizing  circuit  inductance  to 
generate  an  ouspus  pulaa,  it  la  not  vail  suited 
for  driving  lndueslv*  loads.  Is  is  wall  suited, 
however,  to  both  capscisiv*  and  resistive  loads. 
The  us*  of  a  puls*  transformer  to  incraas*  com- 
pulsator  output  voltage  has  also  baan  investi¬ 
gated^  ar*  appears  to  raduc*  ch*  net  output  by 
about  252.  This  paper  is  intended  so  indancify 
and  characterise  th*  fundaaansal  limitations  to 
compulsacor  performance  and  to  suggest  some 
approaches  for  extending  chase  limitations.  For 


convenience  ch*  fundasental  limitations  to 
compulsitor  performance  can  be  divided  into  three 
group*;  chose  dealing  with  th*  effect  of  load 
characteristics,  chose  limiting  output  power,  and 
chose  limiting  minimum  pulse  width. 

Effect  of  load  Characteristics 
A  simplified  (lumped  parameter)  circuit  for  * 
compulsacor  connected  to  a  resistive  load  (such  ax 
a  flaahlamp)  is  shown  in  Figure  2. 
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Figure  3:  Simplified  Circuit 
Coapuleator Driving  Resistive  Load 


The  differencial  equation  for  chit  circuit  can  be 
written  aa: 

^(U)  +  Ri  «  V(t)  (1) 


where  L  and  R  are  th*  total  instantaneous  circuit 
inductance  end  resistance,  V(t)  ia  the  "alternator" 
voltage  (open  circuit  voltage)  due  to  tht  armature 
coll  rocaclng  in  cht  applied  magnetic  field,  and 
1  it  eh*  inacancaneoui  current.  Th*  solution  to 
equation  (1)  ia: 


1  "  t*(Vo>  + 


V(r)e 


dc)  a 
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where  L  and  i  are  lnicial  values  of  inductance 
0  0 

and  currant  at  cht  beginning  of  the  puls*  (when 
th*  circuit  ie  doted).  Th*  first  term  within  the 
brackets  of  equation  (2)  represents  cht  contribu¬ 
tion  to  total  output  current  made  by  ch*  flux 
compreseion  aspect  of  the  compulsacor  while  Che 
second  cerm  represents  the  current  due  to  the 
volt-seconds  supplied  by  the  alternator.  The 


firs:  tors  primarily  a/f* eta  en*  shape  of  ch« 
output  pul**  vhll*  eh*  second  ;in  determines  eh* 
energy  delivered  to  eh*  lo*d.  foe  a  vide  rang*  of 
resistive  load  esses  investigated  eh*  ew^ulsator 
hat  b**n  found  eo  r«duc«  eh*  basic  alternator  half 
cycle  puls*  width  by  a  factor  of  aboue  3. 

far  a  capaclelv*  load  such  a*  a  eranaf*r  capacitor 
eh*  basic  circuit  it  shown  la  Figur*  A  and  eh* 
dlff*r*nelal  aquation  for  eh*  circuit  l*: 

^(U)  +  !li  +  £  Jldt  »  V(e)  (3) 


Figure  A:  Simplified  Circuit 
Cospulsaeor  Driving  Capaclelv*  load 


Although  eh*  analytical  solution  of  this  second 
•  Cder  differencial  equation  la  ^uit*  cumbersome 
it  can  b«  solved  nus«rlcally  ar.d  eh*  «r.«r;y 
delivered  eo  a  capaclelv*  load  by  a  eoapulaacor 
taa  been  shown  to  b* 
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•sere  l  .  Is  eh*  minimum  total  circuit  inductance 
sin 

and  t  Is  a  numerically  determined  constant  which 
has  been  found  eo  b*  around  9.5  for  sosc  casas  of 
Incerate.  For  eh*  capaclelv*  load  cat*  th« 
conpulaaeor  has  been  found  to  compress  eh*  basic 
alternator  .uif  cycle  puns  width  by  a  factor  of 
esou:  - . 


limitations  to  Peak  Jutauc  Power 

It  is  apparent  from  equations  (2)  and  (l)  chat  the 

cospulsaeor1 s  primary  advantage,  in  term*  of  high 


output  pov«r,  ov*t  eh*  conventional  alt*enator 
com*  fro*  flux  compression,  or  nor*  specifically, 
fro*  eh*  Interaction  of  eh*  discharge  current  with 
eh*  induceanc*  variation.  This  In  turn  implies 
that  eh*  induceanc*  variation  must  b*  **xi*it*d 
and  sine*  eh*  saxiaw*  induceanc*  in  eh*  uncompen¬ 
sated  pof.it ion  la  relatively  insensitive  eo 
sachin*  variables,  really  requires  that  eh* 
minimum  induceanc*  in  eh*  co*p«nsae*d  position  b* 
reduced  as  much  as  posslbl*.  This  requirement 
sugg«sea  eh*  us*  of  radially  thin  air  gap  windings 
distributed  uniformly  ov«r  eh*  rotor  aurfac* 
raeh«r  chan  salient  pol*  windings  or  «v«n  distri- 
buted  windings  in  sloes  title*  eh*  sloe  c**ch 
ir.er****  eh*  winding  induceanc*.  A  significant 
limitation  eo  peak  output  power  com*  then  fro* 
eh*  conflict  b*ev*«n  eh*  requirtMne  for  minimus 
radial  air  gap  b*cv**n  eh*  rotor  and  scacor 
^windings  in  order  eo  minimise  l  ^  ar.d  eh*  dielec- 
eric  strength  of  eh*  air  gap  insulation  on  eh* 
windings.  The  induceanc*  variation  is  giv«n  by 
(j)~  for  an  Iren  cored  machine  (uasacuraced)  and 

by  4(1  +  for  an  air  cored  machine  wh*r*  e  is 

I 

eh*  conductor  width  par  pel*  and  3  is  eh*  radial 
air  gap  between  conductors,  so  that  the  sensitivity 
of  machine  performance  eo  this  air  gap  limitation 
is  readily  apparent. 

A  second  limitation  on  ouepue  power  imposed  by 
this  air  gap  winding  concerns  eh*  shear  strength 
of  eh*  insulation  sysets  used  eo  bond  eh*  seacor 
and  roeor  windings  eo  eh*  stator  and  rotor  struc¬ 
tures.  Tit*  interaction  beeween  eh*  cospulsaeor 
discharge  current  and  eh*  radlaL  component  of  eh* 
magnetic  field  in  eh*  air  ;ap  due  eo  chat  current 
causes  a  tangential  force  on  eh*  conductors  which 
slows  eh*  rotor,  converting  scored  in*rcisl  energy 
to  electrical  energy.  This  fore*  results  in  a 
tangential  shear  stress  on  eh*  insulation  bond 
b«ew*«n  eh*  conductors  and  eh*  roeor  or  scacor. 

This  radial  magnetic  field  component  which  depends 
upon  eh*  else  and  position  history  of  eh*  currents 
as  veil  as  the  permeability  ar.d  eddy  currents  in 
the  surrounding  structure  has  been  calculated  fer 
several  cases  using  a  transient,  nonlinear,  finite 
element  magnetic  field  mapping  cede  developed  by 


its*  Center  for  Cleetrcmeehanie*.  For  these  can** 

an  average  Juris:*  current  density  of  1C  MAia  was 

found  10  produet  stress**  which  could  b*  withstood 

by  insulation  system*  vlch  shear  strengths  of 

2£  «;'*  14003  psi).  Th«  peak  mechanical  power 

output  of  :h«  saehln*  i*  simply  eh*  produce  of  ehls 

peak  allowable  ahtar  stress,  sh*  acelv*  surface  ar«a 

of  eh*  roeor  and  eh*  roeor  surfac*  sp*«d.  For  a 

roeor  surfac*  sp*«d  of  ISO  m/s*e,  such  as  is  used 

for  eh*  Lawrence  Livermore  Laboratory  *n|in*«rin|i 

procoeyp*  coapulsacor  (Figure  S)4>  with  a  lami- 

nae«d  sc*«X  roeor,  eh*  peak  ouepuc  pover  p«r  unic 

a 

of  surfac*  ar«a  is  4.2  For  o:h«r 

configurations  eapabl*  of  operating  at  much  higher 
speeds  which  or*  d«scrib«d  Xaetr,  this  Hale  aay 
exceed  10  Win'. 


Fijur*  S:  LLL/CEM  Frococypt  Coapulsacor 


Finally,  eh*  requirement  chat  ch*  roeor  and  scacor 
conductors  b«  radially  chin  in  order  to  generate 
minimus  inductance  is  in  conflict  with  the 
extremely  high  current  densities  achievable  in  the 
coapulsacor  in  that  thermal  hearing  of  the  con¬ 
ductors  aay  become  a  Halting  factor  especially 
in  the  case  of  repetitive  pulses.  This  cheraal 
Unit  can  become  even  aore  rescriccive  in  chat 


skin  effects  can  ccnfin*  eh*  fast  rising  currant 
pulses  eo  eh*  surfac*s  of  eh*  conductors  resulting 
in  even  aor*  severe  heating.  This  skin  effect  can 
be  overcome  by  using  stranded  and  transpostd 
conductors  but  ch«s*  increase  the  minimum  induc¬ 
tance  somewhat  as  well  as  complicating  ch* 
construction  of  the  machine. 

Limitations  to  Minimus  Tulsa  V‘ldth 
Th*  relationship  of  ch*  coapulsacor  output  puls* 
width  co  ch*  basic  (alternator)  half  cycle  puls* 
width  hat  b«*n  discussed  for  various  loads.  This, 
of  court*,  suggttcs  'hat  at  faster  pulses  arc 
required  eh*  baa*  ettccrieal  frequency  of  th* 
alternator  muse  b«  increased.  Th*  electrical 
frequency  u(  of  ch*  alternator  is  given  by: 


where  F  is  the  number  of  field  poles  and  /_  is  the 
mechanical  rotor  speed  in  radians/tec.  Th* 
mechacleal  roeor  sp«*d  it  United  by  th*  stiffness 
of  th*  rotor  and  its  dynamic  behavior  in  ch*  bear¬ 
ings  and  by  eddy  current  genera: ion  due  to  th* 
alternating  magnetic  field  experienced  by  tn*  rotor 
turning  in  Th*  h«tropolar  excitation  field.  This 
*ddy  current,  limit  can  b*  extended  by  laminating  the 
rotor,  but  there  is  a  practical  limit  Co  th* 
minimum  lamination  thickness  which  can  b«  used; 
and  as  ch*  roeor  laminations  art  aada  thinner, 
rotor  construction  becomes  more  difficult  and 
roeor  mechanical  stiffness  suffers. 

Increasing  th*  mechanics*  spaed  of  the  rotor  has 
another  limitation  as  well.  Increasing  rotor  speed 
increases  centrifugal  loading  on  the  roeor  air  gap 
winding.  This  in  turn  requires  additional  banding 
material  in  che  air  gap  co  restrain  the  roeor 
conductors  and  this  leads  to  increasing  ch*  radial 
air  gap  spacing  which  again  Increases  che  crucial 
ainimua  machine  inductance. 

This  leaves  only  che  option  of  increasing  che 
number  of  poles  co  increase  che  alceraicor 
frequency,  buc  here  coo  ve  find  a  limit.  As  che 
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number  of  pole*  increase*  for  a  given  machine  eh* 
pacing  b*cv**n  poles  suit  dace****.  A*  ehls  poLe- 
tu-?oU  spacing  approach**  eh*  air  gap  distance, 
eh*  applied  fi«ld  leakage  exceed*  eh*  useful  ilux 
cue  by  eh*  raeoc  conductor*.  This  point  of 
diminishing  returns  sake*  eh*  addition  of  aor* 
poles  fueil*. 

Finally,  as  eh*  base  frequency  of  eh*  coapulsaeor 
is  increased,  eh*  volc-s*conds  ?*r  puls*  supplied 
by  eh*  excitation  field  (/Vdc  in  equations  (3) 
and  ii)J  d*cr«as«s.  this  drastically  limits  eh* 
output  power  available  fros  eh*  original  compulsator 
concept  for  puls*  tines  below  100  usee. 

Alternate  Conouisatar  Configurations  and  liov 
Thev  Address  limitations 

Figure  6A  shows  ch«  original  coapulsaeor  configura¬ 
tion  to  which  eh*  liaitations  discussed  in  this 
paper  apply,  it  consists  of  a  aulcipol*  vav* 
winding  on  the  rotor  connected  in  series  through 
slip  rings  with  an  alaosc  identical  aulcipol*  vav* 
winding  on  th«  seacor.  The  alternator  voltage  V(e) 
is  generated  by  the  armature  winding  (only)  rotating 
in  the  applied  magnetic  field  supplied  by  eh* 
excicaelcn  colls.  As  s«ntion*d  previously,  eh* 
alternating  magnetic  field  experienced  by  the  rotor 
requires  that  the  rotor  be  constructed  of  laminated 
steel  ar.d  this  results  in  a  substantial  reduction 
:n  rotor  stiffness  aa  well  as  additional  complexity 
an  rotor  construction. 


The  rotating  field  ccnpulsaeor  (Figure  63)  offsrs 
one  solution  to  this  problem  by  piecing  the 
excitation  colls  on  the  rotor,  radially  Inboard  of 
the  armature  winding.  The  rotor  no  longer  expe¬ 
riences  an  altercating  applied  field  and  now  may  b* 
fabricated  fros  a  solid  forged  steel  blllee.  The 
rotor  will  be  much  sciffer  and  enn  operate  ac  higher 
surface  speed*.  Zn  practice  the  excitation  coils 
would  probably  be  distributed  windings  rather  chan 
the  salient  pole  construction  shown  her*  for  clarity. 
This  configuration  does  require  the  stator  or  back 
iron  to  be  laminated,  but  the  loading  of  the  stator 
is  less  sever*  and  much  greater  design  latitude 
exist*  for  the  stator  chan  for  the  rotor.  Uowavar, 
sine*  che  excitation  colls  occupy  additional  space 
In  the  already  crowded  rotor,  flux  path  considera¬ 
tions  dictate  that  this  construction  only  be  used 
for  larger  machines. 


Figure  oAs  Stationary  Field  Coapulsaeor 


Another  solution  to  che  laminated  rotor  problem  ia 
shown  in  Figure  6C.  Sy  fabricating  the  armature 
conductors  into  filament  reinforced  composite  "cups" 
which  nesc  together  coaxially,  the  cencral  iron 
core  can  remain  stationary  and  thus  be  solid.  Sev¬ 
eral  other  benefits  ac*',-u*  from  this  design  as  well. 
Sine*  ch*  rotor  inertia  is  dramatically  reduced,  a 
larger  portion  of  che  inercial  energy  is  scored  in 
the  conductors  themselves.  This  is  significant  since 
che  conductor  inertial  energy  can  be  converted  with 
(J  x  3)  body  forces  rather  than  che  conductor/ 
insulator  shear  forces  necessary  to  convert  inertial 
energy  scored  elsewhere  in  che  rotor  structure. 

This  alleviaces  tne  insulation  shear  stress  lini- 
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tacion  and  allova  higher  surface  currant  danaltlat 
and  consequently  higher  peak  output  povar  par  unit 
of  active  rotor  surface  araa  than  tha  configurations 
ahovr.  in  Figure*  6A  or  6B.  In  addition,  tha  cup 
rotor  conatruction  allova  tha  two  halvas  of  tha 
armature  winding  to  ba  countarrotatad,  doubling 
tha  opan  circuit  voltage  of  tha  nachina  without 
increasing  tha  circuit  induetanca.  TM«  innovation 
also  doubles  tha  basa  electrical  frequency  of  tha 
eospulsator  without  imposing  the  geometric  limit  of 
tha  pole  spacing  approaching  tha  radial  air  gap 
disension  {excessive  flux  leakage  limitation). 


Figure  6C:  Counterrotating  Cup  Rotor  Compulsator 


Finally,  since  for  very  short  pulse  times 
(*100  usee)  the  volt-second  contribution  of  the 
applied  sagnetie  field  becomes  a  limiting  factor  in 
sachir.e  performance,  configurations  which  supply  tha 
necessary  volt-sacor.ds  from  an  external  source 
(perhaps  a  capacitor  bank  or  even  another  eompul- 
sator)  have  been  investigated.  Tha  configuration 
shown  in  Figure  60  is  an  outgrowth  of  these 
investigations.  The  volt-seconds  are  supplied  to 
the  stationary  winding  by  an  external  source  and 
the  applied  flux  is  men  cosprassed  by  the  rotation 
of  the  fluted,  conductive  (probably  aluminum) 
rotor. ^  The  rotor  is  slowed  by  the  flux  compression, 
inertial  energy  in  the  rotor  being  converted  to 
electrical  energy  in  the  stationary  winding. 

Initial  investigations  have  indicated  that  such  a 
device  is  capable  of  producing  energy  gains  of  at 
least  a  factor  of  ten  over  the  initially  supplied 
volt-seconds,  and  can  deliver  large  amounts  of 
energy  (>10**  joules)  in  substantially  less  than 
100  usee. 


Figure  u0:  brushless  Rotary  Flux  Coepressor 
Summary  and  Conclusions 

This  paper  has  not  only  addressed  the  fundasental 
limitations  to  performance  of  the  recently  invented 
compensated  pulsed  alternator,  but  has  categorized 
them  into  three  groups;  those  dealing  with  the 
effects  of  load  characteristics,  those  limiting  the 
peak  output  power,  and  those  limiting  the  minimum 
pulse  width.  In  addition,  the  authors  have  suggested 
some  new  design  approaches,  which  appear  to  extend 
the  operating  limits  of  the  compulsator  concept 
beyond  those  of  the  original  compulsator  design. 

The  work  described  in  this  paper  was  supported  by 
Lawrence  Livermore  Laboratories  (contract  no. 
3315309),  Los  Alamos  Scientific  Laboratories 
(contract  no.  EC-77-S-05-5594),  the  U.  S.  Department 
of  Energy,  the  Xaval  Surface  Weapons  Center  (contract 
no.  N60921-7B-C-A2&9),  and  the  Texas  Atomic  Energy 
Research  Foundation. 
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Abstract 

Analysis  la  prtatnead  lor  systems  using  high  current 
pull*  transformers  to  exploit  th*  high  «n«rgy  acorag* 
capability  of  homopolar  generators  or  oth«r  limited 
currant  *ourc«*.  Th*  stepped-up  secondary  currant 
can  be  «*cabli*h«d  «lth«r  by  current  lnt*rruptlon 
when  th*  prlsary  la  alao  ua*d  for  anergy  atorag*  or 
by  commutation  of  current  Into  th*  primary  fro*  a 
atparae*  atorag*  Inductor.  For  high-power  pula* 
generators  th*  prlsary  lnaulatlon  and  power  aupply 
ar*  protactad  by  aubtequent  crowbarring  of  th* 
rlsary.  An  example  la  givan  of  a  daalgn  for 
«hing  th*  KRL  hoaopolar  ganarator  with  1.46  aM 
inductor  to  a  1-yiK,  megsvolt  laval  lnducelva  pula* 
generator. 

I.  Introduction 

Tula*  power  ganarator*  ualng  lnductiv*  anargy  acorag* 
say  havt  aconoulc  promise  for  application!  requiring 
power*  of  1011  -  10 13  W.  Scudlaa  of  opening  avitchaa 
which  swat  be  u*«d  with  inductive  acorag*  have 
ahown  chat  it  i*  poaaibl*  to  ua*  carefully  sad*  and 
operand  exploding  foil  fuaa*  aa  currant  inter¬ 
rupters^ with  high  *l«ccrlc  field*  (of  eh*  order 
of  20  kV/cm)  aero**  th*  fuaa.  Th*  limitation* 
imposed  by  eh*  ratio  of  conduction  tin*  ro  opening 
time,  which  la  fixed  by  the  nature  of  th*  vapor¬ 
isation  process,  ha*  bean  overcome  by  sequentially 
opening  several  stage*  of  switches  with  power 
multiplication  ac  each  stage  so  that  aegavolc  output 
pulses  are  typically  obtained.  This  approach  has 
been  extended  recently  with  the  TRIDENT  pula*  gen¬ 
erator^  using  larger  fuses  and  requiring  currents 
of  the  order  of  500  kA. 


switch  ,  which  can  carry  these  current*  for  leng 
intervals  of  else,  sake  it  possible  to  energise 
the  energy  storage  Inductance  directly  with  a 
currant  source  such  as  a  hoaopolar  generator.  On* 

In  existence  ac  the  Naval  Research  Laboratory*  ha* 
an  energy  storage  capability  of  several  megajoulet 
and  typical  currant  output  of  40  kA.  To  significantly 
increase  the  current  output  from  this  generator 
would  raquira  additional  currant-collector  brushes. 
This  would  be  an  expensive  addition  In  this  case 
since  the  use  of  fiber  brush**  la  required  by  the 
high  rotational  spaed.  This  la  an  exaggerated  css* 
but  illustrates  th*  fact  chat  the  current  output  of 
hoaopolar  ganarator*  ar*  limited  by  brush  and 
contact  araa. 

Any  powar  supply  with  a  limited  current  capability 
can  nevertheless  be  used  to  deliver  a  large  amount 
of  energy  by  allowing  1:  to  energize  a  sufficiently 
large  Inductance.  Subsequent  switching  which  pro¬ 
duces  a  change  in  currant  allows  us*  of  the  trans¬ 
former  principle  where  a  change  In  current  in  a 
multiple-turn  primary  winding  is  accompanied  by  a 
greater  change  in  current  in  a  secondary  winding 
of  fewer  turns.  This  procedure  was  used  by  Walker 
and  Early^  to  obtain  a  hundred-fold  current  step-up 
In  an  inductive  storage  system.  The  desire  to  utilise 
the  NRL  homopolar  generator  for  the  TRIDENT  hign- 
power  pulser  studies  mentioned  above  provides  the 
motivation  for  this  analysis  of  transformer  systems. 
In  circuit  design  special  ascension  is  given  to  the 
consequences  of  high-voltages  resulting  when  the 
system  is  used  a  part  of  a  high-power  pulse 
generator. 


Tne  advent  of  the  explosively  driven  mechanical 


II,  Canaan  Scot*  and  Transformer 
If  the  energy  storage  inductance  is  a  coll  of  tuny 
turn*,  a  secondary  winding  of  ftwr  turn*  can  be 
coupled  to  It  to  become  a  hl|h-curr«nt  source  for  a 
pul*«  generator.  Thl*  concept  1*  illustrated 
schematically  by  :h«  circuit  shown  In  Figure  1. 

In  the  firac  *ta|«  of  operation  tha  homopolar  gen¬ 
erator,  denoted  by  HFG,  energizes  a  Ion*  cime- 
■:an*tanc  coll  Lj  with  twitch  Sj  closed.  Tha  high 
currant,  1,,  In  tha  secondary  1*  a*tabll*had  latar 
whan  Sj  opan*  to  Interrupt  tha  primary  currant. 

Tha  final,  hlgh-?cw#r  stage  U  tha  opening  of  tha 
twitch  S,  cautlng  rapid  cranaftr  of  tha  higher 
currant  into  tha  load  represented  by  tha  resistor  X^. 


ri?>  1-  Circuit  for  crank  '  (imer  and  opening 
switch**  with  primary  energy  storage. 

If  tha  primary  it  supplied  with  a  peak  currant  10< 
tha  stored  energy  1*  V0«(l/2)lj  l’.  Tha  secondary 
winding  r.aad  not  have  a  long  tima  constant  and 
secondary  currtncs  induced  during  energising  of  the 
yriaary  will  qulcklv  decay  to  xaro.  Or,  if  lc  Is 
oesirzble  to  completely  alialnaca  these  pracursor 
currents  from  the  switch  5,,  an  additional  sarias 
switch  tr.oc  shewn  In  the  figure)  cm  be  incorporated 
ir.es  tha  circuit  between  l,  and  S„. 

At  the  start  of  the  second  stage  both  $j  and  S„  are 
closed.  The  primary  and  secondary  currtncs  have 
••alvas  of  !j  •  1^  and  i,  ■  0.  During  the  inter¬ 
ruption  of  primary  current  by  Sj  ;h*  rate  of  chMge 
of  secondary  flux  is 

M  tdi,/dc)  *  L,  (di,/dc)  -  0  (1) 

wnere  M  is  the  -usual  Inductance  between  the  two 
’arts  jf  tiie  transformer  and  L,  is  the  self-induct¬ 
ance  of  tne  secondary  circuit,  including  the  con¬ 
tactors  composing  S«.  The  sign  convention  for 
current  flow  is  chcser.  so  that  positive  currants 
in  both  srisary  cr.d  secondary  produce  magnetic 


flux  in  the  same  dlreetirn.  The  constant  flux 
approximation  of  Iq.  (1)  is  valid  as  long  as  the 
cine  constant  of  the  secondary  circuit  is  much 
greeter  chan  the  interlude  of  current  change.  Inte¬ 
gration  of  Eq.  (1)  shows  that  when  primary  current 
decays  from  l  to  0  the  secondary  current  increases 
from  0  to  a  value  t0,  independent  of  the 

size  and  shape  of  the  voltage  pulte  from  the  primary 
switching. 


Sow  with  i^  -  0,  ths  remaining  scored  energy  is 
w,  -  (1/:)  l2  i,2  -  k2  W#  (!) 

where  k“  •  M  /L^L,.  If  rams  ins  open  when  S, 

opens,  this  energy  will  be  delivered  to  the  load, 

X, .  In  this  case  the  primary  voltage  will  be  greater 
than  the  output  pulse  by  the  factor  5i/L,. 


Fig.  3.  Crowbar  added  to  circuit  of  Fig.  1. 

Sj  Closes  before  S,  Opens. 

The  appearance  of  high-voltage  across  che  primary 
can  bs  eliminated  by  a  crowbar,  shown  as  switch 
Sj  in  Figure  2,  prior  to  opening  S,.  If  R«0  upon 
opening  of  S,  primary  flux  does  noc  change: 

Lj  (dij/dc)  +  M  (dij/de)  -  0  (3) 

The  voltage  across  the  load  Xj  and  switch  S,  cor¬ 
responding  to  a  decrease  of  secondary  flux  is 
V,  -  -  M  (di,/dc)  -  L,  (di,/dc) 

H  l  m  • 


-  -  (1-k2)  L,  (di,/dt) 


(i) 


and  the  energy  transferred  into  R.  is 

Hi  'S'h1 2dt  ‘  W2  "  U“’*2'k”"0  (5) 


The  energy  transfer  efficiency  in  this  lactar  caso 

o 

has  a  maximum  of  233  whan  St*  ■  .3. 


The  energy  transfer  efficiency  has  been  investigated 
for  cases  Intermediate  between  chose  for  open- 
circuit  and  creubarred  primary  by  analysis  of  a 


as 


model  for  the  circuit  of  Figure  2.  The  Model 
ikumi  that  S,  la  a  perfect  twitch  opening  instan¬ 
taneously  with  no  initial  primary  currant  and  chat 
and  R,  are  conitanc.  Primary  and  secondary 
currtnta  war*  obtained  by  a  straightforward  trans¬ 
ient  calculation.  From  than  the  primary  voltage 
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Fig.  3.  Energy  efficiency  egeinat  V*  vith 

reaiatlva  crowbar.  Curve  parameter  la 
peak  prlaary  voltage  aa  percent  of 
open-circuit  value. 

energy  diaalpated  in  X.  were  computed  aa  func- 
•%  * 

tlona  of  R  and  k*.  The  reaulta  are  ahown  la  Figure 
3  where  energy  tranafer  efficiency  le  shown  aa  a 

t 

function  of  k*  for  aeverel  primary  voltagea.  The 
two  limiting  caaea  are  evident.  Vith  open-circuit 
the  efficiency  lncraaaea  aa  k2  and  with  complete 
crowbar  the  lower  curve  la  the  efficiency  predicted 
by  2q.  (3)  above. 

III.  Store  Separate  from  Transformer 
Short  connectlona  are  needed  to  the  TRUBtT  pulae 
generator  with  ita  high-voltage  avitch  atagea 
under  water.  An  alternative  to  placing  an  existing 
maaalve  atorage  coil  under  water  ia  an  entirely 
aeparate  cranaformer  with  ita  primary  current  com¬ 
mutated  from  the  atorage  coll.  Thla  concept  ia 
ahown  achematieally  in  Figure  A.  In  that  figure 

the  KFG  and  atorage  coll  vith  inductance  L  are 

o 

ahown  to  the  left  of  the  vertical  daahed  line.  The 
componenta  to  the  right  of  the  line  can  be  placed 
in  e  water  tank  to  facilitate  higher-voltage 
operation.  The  device  repreaented  by  thia  circuit 
is  coneidered  to  operate  in  three  atagea:  alow 
energising  of  the  atorage  inductor,  transferring 
current  to  the  transformer  and  opening  of  the  final 


secondary  switch. 


i 


Fig.  A.  circuit  for  cranaformer  and  opening 

switches  vith  separate  energy  storage. 


before  the  transfer  stage,  the  serrate  inductor  is 
energised  by  current  i0  and  energy  W  -U  and 

both  switches  are  closed.  If  the  time  constant  of 
the  short-circuited  secondary  la  adequately  long 
tkanEq.  (1)  is  applicable  end  secondary  end  primary 
current*  are  related  by  i,  -  -(M/L,)  Ly  The  voltage 
appearing  acroae  the  primary  switch  as  it  opens 
•quala  the  rate  of  change  of  the  lncreeaing  primary 
flux.  It  alao  equals  the  rata  of  change  of  the 
dccreaalng  flux  of  the  storage  inductor. 

-lo  (dig/dc)  -  (dij/dt)  +  M(di2/dt) 

-  (1-k2)  dij/dt 

The  current  through  the  primary  twitch  ultimately 
vanishes,  after  which  ij  *  ig.  Integration  of  the 
above  equation  as  primary  current  rise*  from  0  to  a 
final  value,  ij,  and  the  atorage  current  drops 
from  lo  to  ij  results  in 


To  avoid  v»duiy  high  volcagts,  the  primary  should 
be  erovbarred  prior  to  opening  of  the  secondary 
switch.  In  thia  case,  it  va a  determined  earlier  that 


the  load  voltage  is  given  by  Eq.  (4).  The  load 


power  it  the  product  of  this  voltage  and  secondary 
current.  By  time  integrating  the  power  and  sub¬ 
stituting  the  relations  determined  in  this  section, 
the  energy  delivered  to  the  load  can  be  expressed  as 


Thia  relation  ia  shown  graphically  in  Fig.  5. 
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cacti  curve  there  tipminci  the  efficiency  u  4 

function  of  k2  for  son*  fixed  value  of  the  para- 

aecar  Lj/L  .  The  upper  envelop*  for  thi#  iiriu 

of  eur/««  1*  th*  Hr  <“/*i ,  corresponding  to  ch«  mm 

l  -(l-k")L..  A  34x1**  efficiency  of  25*  1*  *p- 
o  i  , 

prosched  a(  k*  approach*)!  unity  and  becone* 
Infinite. 


wlch  circuit  of  Tig.  A.  Curve  p*r*- 

Botor  is  IJ L  . 

I  0 

IV,  HPG-Transfsraer  for  TRIDEXT 
Tin  ”81  HPG  energises  «n  oxlacing  air-core  induc- 
t-0  “  1*46  aH,  which,  will  be  coupled  by 
H?«i«  transform-  to  cha  1-jiH  inductanca  of  cha 
water-insulated  TRIDEl.T  Inducciva  pulse  ganaracor, 

A  double  aolanold  design  for  202  efficiency  with 
I)  l.  *  >  and  k*  -  5/6  la  llluacracad  hara. 

•  V 

Sine*  eh*  prissry  tin*  constant  naad  not  b*  large, 

:«*  primary  is  wound  with  K-220/U  cable  core 
*2.3  ca  disaster).  The  iapula*  dielectric 
strength  ?f  this  cable  is  about  450  kV  bo 
additional  polyechylet,*  tsusc  be  added  Co  allow  a 
pr'.trary-co-xeccndary  voltage  approaching  a  eagavolc. 
r.te  naed  to  sisplify  connection*  to  the  high-voltage 
puii*  ferser  stage*  dictates  that  the  secondary 
toil  be  outalde  the  priaary.  An  iterative  pro¬ 
cedure  of  seif  and  autual  Inductanca  calculations 
deceraine*  th*  2.2-a  diaaeter  and  l.f.-n  length 
rasulting  In  lj-  5.24  =H,  X  -  223MH,  1,-10.32  _H 
>an  *'  -  .323.  The  ralation  1.  «  -  <X/L.)  ij  in? Ho* 
that  net  radial  forces  an  primary  and  secondary 
;re  ond  opposite.  The  orisarv  son  be  wound 


on  a  car*  for  cosgireaaly*  strength.  Relatively 
thin  sheet  conductors  with  strong  insulating  danps 
at  the  output  connections  will  withstand  th*  strain 
resulting  fvon  inputs*  nonantun  given  to  the 

secondary. 
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/Attract 

Air  cor*  puli*  triufoiMti  powered  by  low  voltag* 
capacitor  bank*  can  b*  simple  efficient  system*  for 
charging  high-voltage  (0.5  co  3  MV),  pula*  forming 
transmission  lints  (FFL)  such  a*  choa*  used  la 
electron  tad  ion  beam  acc*l«racori.  In  thee* 
applleaclona  puli*  transformers  oust  have  tha 
coablned  capability  of  high  voltag*  endurance  and 
high  *n«rgy  transfer  *fflcl*ncy,  particularly  In 
r*p*tl:lu«  puli*  iyit*M  where  thee*  futurai  ar« 
of  priaary  Importance.  To*  dcilgn  of  shielded, 
high-voltage ,  spiral,  atrip  craniforaara  which 
fulfill  th«t«  requirements  li  daicrlbad  la  thla 
paver.  TransforMrs  of  thl«  typ*  haw*  ba«n  taatad 
in' the**  *yt:*n*  which  oparat*  with  greater  thaa 
90  percent, transfer  «fflel«ncy  and  haw*  not  fall«d 
Ir.  ov*r  10'  ihcti. 


Introduction 

high  voltaga  puli*  cramforaar  charging  lyitaaa 
typically  eeneisc  of  a  low  voltaga  capacitor  bank 
coupled  to  a  high  voltag*  FFL  through  a  voltag* 
step  up  cramforaar  ai  Illustrated  in  Fig.  1. 

Thai*  system*  hav*  th*  ad  van  tag*  of  not  requiring 
an  oil  tank  to  Iniulat*  th*  priaary  itorag*  capaci¬ 
tor!  and  at*  generally  aor*  coapact  thaa  Man 
generator*.  With  tramforacr  tyitaaa,  how«v*r,  It 
can  W  difficult  to  schltv*  both  high  voltag* 
endurance  and  high  «n«rgy  transfer  *fflcl*ncy. 

Th*  raaion  for  chit  la  that  operation  at  high  volt- 
agac  (>  30)  kV)  nicanarlly  require!  that  voltag* 
griding  device*  b*  placed  In  high  electric  field 
region!  where  th*  aagmtlc  field*  ar«  alao  high. 
Consequently,  th*  magnetic  field*  link  th*  voltag* 
grading  structural  and  oftan  induct  «ddy  currant 
loop*  with  oppoalng  Mgnetle  field*  which  partially 
cancel  th*  fields  In  th*  Min  winding*.  Thla 
action  product*  a  partial  intarnal  ihortlng  of  th* 
trantforMr  and  significantly  reduce*  th*  «n*rgy 
transfer  efficiency  of  th*  system. 

To  avoid  this  shorting  *£f*ct  it  is  naeanaty  to 
design  voltag*  grading  devices  such  that  th* 
eagnerdtc  field  can  diffuse  through  eh*  aseeably 
without  inducing  eddy  currents.  A  grading  struc¬ 
ture  that  satisfies  these  requireMnts  has  been 
developed  for  spiral  strip  transforMrs  which 
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Fig.  1.  Schematic  of  typical  transformer  charging 
circuit. 


require  electric  field  shaping  acroia  th*  margins 
of  the  secondary  winding.  It  wai  found  that  a 
concentric  ring  cage,  when  properly  aaaenbled,  was 
transparent  to  th*  Mgnetlc  field  but  maintained  the 
p.-oper  electric  field  distribution  In  th*  Mrglns. 
Figure  2  illustrates  a  typical  ring  cage  assembly. 


Fig.  2.  Concentric  ring  cage  esseably. 


Discussion 

Sprlal  scrip  transforMrs  are  In  ganaral  better 
suited  to  FFL  charging  application*  chan  chair 
halical  wound  counterparts  because  they  have  a 
higher  power  handling  capacity  and  because  they 
are  less  vulnerable  co  inter turn  breakdown  iron 
nanosecond  transients  fad  beck  into  th*  tramforacr 
secondary  by  the  FFL  discharges.  The  higher 
endurance  of  sprlal  scrip  windings  co  transient 
voltage  breakdown  Is  due  to  t  nor*  optlaua  capaci¬ 
tance  distribution  through  the  high  voltage 
winding. 


However,  4  simple  sprlai  scrip  transformer,  lllu*- 
irae«d  In  rig.  3.  ha*  the  inherent  v««kM(i  of 
arcing  from  th«  edge*  of  :h«  secondary  winding 
scrip  icon  highly  enhanced  electric  field*  along 
the  edges.  Such  breakdowns  usually  otlglnato  ac 
the  edge  of  on«  of  the  final  secondary  cum*, 
flash  across  the  margin  and  clo*«  the  arc  path  co 
the  primary  or  on«  of  ch«  lower  volcago  cum*. 

The  ensuing  discharge  typically  rupture*  the 
IntuUcion  sheet*  and  leave*  a  heavy  carbon  depotlc 
along  the  path  of  the  arc. 

WINDING 


.MAHON  >  WIDTH  MASON 


FI;.  3.  Staple  eplral  ecrlp  transformer. 


The  high  field  enhanceaenc  along  che  edge*  of  che 
winding  U  aitoclaced  with  che  equlpocential  line* 
which  eaerge  from  between  che  turn*  and  bend  sharply 
around  che  edge*  coward  che  lower  pocenctal  p riser y 
cum.  The  field  enchanceaenc  In  che  edge  region* 
llnlci  Che  operation  of  a  bare  apical  acrlp  co  300 
to  iOO  kV  even  with  the  beet  Ineulaclng  fllae  and 
oils. 

The  edge  breakdown  problea  can  be  ellalnacad  by 
adding  a  coaxial  shield  aero**  che  aargln*  of  eh* 
secondary  windlr.y.  The  concencrle  ehleld  eon- 
strains  the  .settle  field  co  a  coaxial  distribu¬ 
tion  across  che  aargln*  which  l*  nearly  parallel 
cs  che  onlfora  distribution  through  che  chickness 
of  che  winding.  Consequently,  che  field  enhance¬ 
ment  Is  greatly  reduced  and  char*  la  virtually  no 
lateral  field  component  co  drive  an  arc  acroee  che 
margin. 

The  effectiveness  of  chls  shielding  technique  was 
demonstrated  In  an  early  transformer  design1 
shewn  in  Fig.  ■»  which  was  cesced  co  1.2S  HV  without 
failure.  The  transformer  had  a  single  cum  priaary 
and  a  1  Inch  chick,  20-curn,  secondary  winding. 

The  shields  were  longitudinally  slotted  cylinders 
placed  over  the  low  voltage  exterior  and  along  the 
core.  V'hlle  this  experiment  clearly  demonstrated 
chat  concentric  shielding  prevented  edge  breakdown, 
l:  was  found  that  Induced  eddy  current*  In  the 
shields  as  Illustrated  in  Fig.  5  had  a  detrimental 
effect  on  the  sagneclc  coupling.  The  open  circuit 
gain  which  should  have  been  near  30  was  actually 
12  and  the  energy  transfer  efficiency  with  a  resis¬ 
tive  load  was  approximately  25  percent. 

Internal  Shorting  Experiments 

The  problem  of  Internal  transformer  shorting  was 
studied  in  two  types  of  tests,  inductance  bridge 
measurements  of  a  simulated  primary  cum  with  an 


Tig.  A.  Transformer  with  continuous  concentric 
shields. 


adjacent  shield  section  and  puls*  discharge  tests 
on  a  primary  turn  with  various  cor*  configurations 
in  the  center.  In  both  caaae,  shorting  effects 
were  observed  a*  a  decrease  in  circuit  inductance 
from  the  unloaded  primary  cum  inductance. 

figure  6  is  a  plot  of  inductance  measurements  on  a 
10  Inch  diameter,  6  inch  wide  primary  turn  with  a 
6  inch  wide  sleeve  placed  ac  different  axial 
discancts  from  on*  edge  of  the  primary.  The  sleeve 
was  intended  co  simulate  a  shield  or  structural 
component  placed  In  some  proximity  co  che  magnetic 
field  of  the  prloery.  In  on*  case  the  sleeve  was 
longitudinally  slotted  and  In  the  ocher  cae*  It  was 
continuous  and  accad  aa  a  shorted  cum.  The  eddy 
current  shorting  effect  for  the  slocted  and  shorted 
sleeve  measurements  was  small  but  measurable  as  far 
a*  A  Inches  away  from  the  primary  turn.  With  the 
axial  spacing  less  chan  one  inch,  the  effect  was 
quit*  pronounced  In  both  cases.  With  a  one-half 
inch  spacing,  for  example,  the  shorted  sleeve 
produced  a  13  percent  change  In  the  primacy 
inductance  and  the  open  turn  produced  a  7.3 
percent  change. 
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fig-  8.  Frimary  Inductance  variation  with  an 
adjacent  shorted  anil  open  turn. 


In  the  ,«Ih  lUehirji  tan*  a  U.3  ut  capacitor 
ui*  switched  through  a  4  inch  diameter  by  4  inch 
ulif*  single  turn  primary  coil.  Circuit  Inductance 
u**  determined  Iron  the  rln|ln|  frequency  of  tha 
discharge.  The  unloaded  Inductance  of  the  circuit 
(no  cora  In  tha  primary  coll)  va*  98  nM.  A  dotted 
cor*  tuba  of  the  same  axial  length  a*  tha  primary 
produced  no  change  In  Inductance  but  a*  the  length 
of  tha  dotted  tuba  waa  lncreaaad  to  I  inch,  12 
Inch  and  14  Inch  the  circuit  Inductance  fell  to 
<4  nK,  45  ntt  and  53  nh,  respectively .  Thl*  reault 
Indicated  a  ahortlng  effect  atrongly  dependent  on 
ihleld  length.  Other  ehleld  configurations 
Including  screen*,  folia,  longitudinal  rods,  etc. 
produced  similar  shorting  effects.  Only  two  types 
of  shield*  showed  virtually  no  shorting.  One  was 
a  slotted  cylinder  of  resistive  film  with  a  surface 
resistance  of  approxlaately  1000  ohna  par  square. 
The  ocher  v**  an  array  of  rings  interspaced 
approximately  tn*  eighth  inch  and  longitudinally 
aligned  with  the  axis  of  ti,e  primary  turn.  The 
ring*  were  mad*  with  a  gap  In  the  hoop  direction 
to  prevent  cirevseferentlal  current  flow  and  were 
connected  together  electrically  along  a  single 
line  opposite  the  line  of  gaps  such  that  there 
were  no  closed  loops  that  could  conduct  current  In 
the  assembly  which  linked  the  magnetic  field. 

?uls*  discharge  tests  on  the  resistive  film  and 
ring  shield  models  showed  a  maximum  of  3  percent 
Inductance  change  with  and  without  the  shield 
assemblies  in  place. 

Following  these  tests  two  prototype  transformers 
were  constructed,  one  with  resistive  film  shields 
and  on*  with  a  ring  type  eor*  shield  In  combination 
with  a  continuous  external  shield  which  also  served 


a*  the  primary  turn.  Jn  testing  she  resistive 
film  shielded  transformer  there  were  no  meaiumbl* 
effects  of  Internal  shorting  but  the  missive  film 
consistently  broke  down  along  the  surface  at  volt¬ 
ages  ever  300  kV.  Sffort*  to  improvt  the  film 
quality  were  unsucteisful.  The  ring  eor*  model 
wish  the  continuous  cast  was  incorporated  into  an 
electro*  beam  generator  (Fig,  J)  and  tested  to 
400  kV.*  In  this  application  the  transformer 
proved  te  have  goad  high  voltage  endurance  but  with 
an  energy  transfer  efficiency  of  32  percent.  It  wa* 
still  affectad  by  eddy  currents  Is  the  external 
shield.  A  third  transformer  (Tig,  8)  was, 
therefor*,  constructed  with  ring  shields  on  boss 
the  eore  and  case.  Thl*  transformer  showed  no 
measurable  effect*  of  internal  shorting  and  was 
equal  to  the  earlier  model  in  high  voltage 
endurance. 


Fig.  7.  king  and  cylinder  shielded  transformer. 


Fig.  8.  Concentric  ring  shielded  transformer. 
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'Sferatlonal  Result* 

Afctr  initial  :<i:Sr.j,  the  concentric  tiny 
shielded  uiMismt  V4i  incorporated  into  4 
repetitive  impulse  teat  '»ctUt;  and  used  for 
testing  dielectric  solids,  liquids  and  coir 
posit**.*  in  chi*  application  the  tttpiigmr 
ha*  bean  operated  for  greater  than  13'  ihot*  In  a 
valtag*  tans*  between  103  kV  and  1.3  XV  at  pula* 
raw*  ?ro*  i  to  303  pp*.  So  winding  failure*  or 
insulation  fiashover*  hav«  occurrt4  throughout 
thl*  service. 

Two  other  ring  shte^ed  transformers  havo  boon 
built  and  oporat*4  In  high  voltage  PFl  charging 
svsteo*.  The  esantial  feature*  o(  both  trans¬ 
former*  art  lllu*traco4  In  Fig.  9.  One  is  u«o4  in 
a  143  pp*,  3 CO  J  oloctron  boon  generator*  for 
charging  a  1.2  nT  FFt  to  700  kV.  It  ha*  oporau4 
far  aor*  chan  2  x  10'  *hocs  without  failure. 

The  *eeon4  l*  incorporated  In  a  10  pp*,  3  kJ  high 
voltage  puller  and  charge*  a  J  bT  water  capecltor 
to  1.5  XV  (Fig.  9).  Prior  to  the  repetitive  pul*e 
application,  the  transformer  wa*  successfully 
tested  In  a  tingle  thoc  node  to  3  XV.0  Since  the 
secand  repetitive  pulie  system  ha*  only  recently 
been  placed  in  lervice  long  tern  endurance  data 
are  not  yet  available  for  thl*  transformer. 


rl *.  PFL  merging  tranaforser. 


Ul  three  ring  ihlelded  trantforsora  have  been 
aperated  In  both  single  swing  and  dual  reaonanea 
charging  node*.  With  coupling  coefficients  ranging 
fra  >3.83  to  0.83,  the  energy  transfer  efficiency 
is  tvplcally  around  60  percent  In  the  single  swing 
:-*arg*  node,  in  nose  eases,  however,  the  crans- 
!  .mers  are  operated  in  a  dual  resonance  charging 
nvde  which  requires  natchlng  the  frequencies  of 
the  prinary  and  secondary  sections  at  the  circuit 
tnd  reducing  the  effective  coupling  coefficient  to 
’.0.  This  is  accoaplished  with  a  transforaer 
saving  a  coupling  coefficient  greater  chan  9.6  by 
adding  an  appropriate  aaount  of  external  Inductance 
to  t.-.e  oriaary  and  secondary  sections  of  the 


circuit.4  With  the  circuit  properly  tuned,  energy 
transfer  efficiencies  are  typically  greater  then 
90  percent.  It  should  be  noted  that  the  effect* 
of  eddy  current  shorting  can  not  be  compensated 
for  by  any  means  of  axtemal  circuit  tuning.  The 
ring  shielded  transforaer*  produced  transfer 
efficiencies  ranging  fro*  91  percent  for  the  3  XV 
•ode l  to  94  percent  for  the  700  kV  repetitive 
pulse  model.  These  losses  were  divided  in  the 
approxlMtc  proportion  of  one  percent  in  the  trans¬ 
former  and  five  to  eight  percent  in  the  spark  gap 
switches  and  capacitors. 

Conclusion* 

Achieving  high  energy  transfer  efficiency  In  ecm- 
bination  with  high  velcage  endurance  in  an  air  core 
pulse  transformer*  Involves  careful  attention  to  the 
design  of  velcage  grading  devlcat  and  structural 
elements  to  avoid  Internal  shorting.  Concentric 
ring  shielding  of  spiral  scrip  type  transformers 
h**  proven  to  be  an  effective  technique  for 
satisfying  both  requirements  simultaneously.  Thl* 
design  method  ha*  been  scaled  successfully  fro*  a 
few  hundred  kilovolts  to  3  XV.  There  are  no 
apparent  reasons  why  even  higher  voltage  tram- 
formers  utilising  this  technlqe  could  not  be  built. 
For  the  present,  however,  transformers  operating 
up  to  a  few  megavolts  have  many  useful  application* 
In  repetitive  pulse  accelerator  system*  whara  long 
shoe  Ilf*  and  high  energy  transfer  efficiency  are 
essential. 
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Abetrecc 

Fuls*  sharpening  effects  In  intiu  transmission 
Unix  may  k  used  :o  obtain  kU  pulses  with  na 
riser!**.  The  exact  description  a £  th*  sharp¬ 
ening  effect  require*  complex  ahock  w«y« 
analysis*.  In  this  paper  an  approximate  Vat 
useful  physical  modal  la  discussed.  Th*  ferrite 
la  treated  aa  a  losay  but  linear  transmission 
Una  from  which  equivalent  design  results  arc 
obtained.  In  many  laatancaa  tha  nonlinear 
efface*  present  art  con; land  to  a  region  which 
la  small  compared  to  th*  total  traasmlstien 
length,  which  make*  tha  Unoar  approximation 
sort  plausible,  preliminary  experimental 
rtaulta,  based  on  a  130  cm  long  lint,  arc  In 
aceord  with  th«  predictions  of  th*  modal. 


Introduction 

In  roeatnt  yoara  aa  ircreesing  nt«d  has  atlaon 
ier  kV  pulsars  with  na  risetiae*.  In  tha  araa 
of  pulsars  for  a*  way*  tubas,  for  example, 
extremely  narrow  pula*  widths  (<  3  na)  ar* 
desired  for  improved  raaolutlon.  Ac  th*  aaa* 
da*  puls*  ripacion  rati*  as  hl|h  as  30  kHz, 
with  puls*  voltago  and  eurrint  aaplltudas  up  to 
15  kV  and  1000  A,  riapaccivaly,  ar*  required. 
Ihaaa  simultaneous  requirement*  place  tremendous 
burdens  on  tha  switch,  which  la  the  key  ileaent 
in  the  design  of  such  a  pulsar.  Switches  now 
available  do  not  simultaneously  satisfy  th*  riaa- 
tlaa,  FRA,  and  power  requirements,  for  axaapla 
spark  gaps  satisfy  tha  riseeiao  sad  peak  power 
requirements,  but  ar*  unable  to  satisfy  eh*  ?RR 
requirement. 

A  promising  solution  to  tha  switch  problem  is 
the  uae  of  a  slower  risetiae  switch  in  combina¬ 
tion  with  a  ferrite  pula*  sharpener.  It)*  incor¬ 
poration  of  a  ferrite  pulse  sharpener  into  tha 
discharge  circuit  has  th*  advantage  of  simulta¬ 
neously  providing  fast  risetiae,  large  FRA,  and 
large  peak  power  levels.  There  ar*  disadvan¬ 
tages,  however,  and  these  are  added  circuit 


complexity  and  bulk,  as  well  as  lowered  circuit 
efficiency  caused  by  the  need  for  bias  current, 
nevertheless  th*  ferric*  pulse  sharpener  has 
potential  in  an  area  where  there  are  few 
technological  alternatives. 

In  recent  years  eha  bulk  of  the  scientific 
literature  on  ferrite  pulse  sharpeners  has 
appear  ad  in  tka  I'SSX.  In  particular,  the  work 
by  Kataev1  emphasized  the  shock  wav*  aspects  of 
the  wave  propagating  in  the  ferrite.  Exact 
analysis  has  indicated  the  formation  of  shock 
waves  under  a  vsriaty  of  conditions,  and  sueh 
waves  art  important  in  the  interpretation  of 
pulse  sharpening  effects. 

In  this  report  an  elementary  model  iot  the 
pulse  sharpening  effect  is  presented,  wherein 
th*  forrit*  is  treated  as  a  losay  bu”  linear 
transmission  line,  A  simplifying  feature  is 
introduced  with  the  idea  of  a  spin  saturation 
front,  which  travels  along  tha  length  of  the 
ferrite.  The  shock  wave  nature  of  the  problem 
ia  point ad  out,  but  emphasis  is  placed  on 
simple  end  useful  solutions  which  are  possible 
without  explicitly  solving  the  shock  wave 
problem. 

Outline  of  Model 

We  consider  a  ferrite  transmission  lino  which  is 
uniformly  magnetised  in  the  direction  transverse 
to  the  direction  of  propagation  (Fig.  !)■  A 
transmission  lino  without  fsrrltt,  with  imped¬ 
ance  Z  t  is  connected  to  the  input  terminals  of 
the  fefrit*.  A  puls*  with  risetiae  Tg  is  inci¬ 
dent  upon  th*  ftrrlt*.  Th*  polarity  of  tha 
mogno.ic  field  of  tht  pulse  is  opposite  to  that 
of  the  magnetization.  Aa  a  consequence  the 
puls*  will  see  a  large  RF  impodanc*  consisting 
of  an  inductance,  as  well  as  a  resistive  compo¬ 
nent  caused  by  dissipation  in  the  ferrite.  For 
the  most  part  th*  signal  will  be  reflected, 
although  a  substantial  peresntag*  of  the  inci¬ 
dent  energy  will  propagate  into  th*  ferrite. 

Th*  region  close  to  th*  start  of  th*  ferrite 
line  will  not  continually  appear  as  a  large 
impedance,  however.  Eventually  this  portion  of 
the  ferrite  will  suddenly  reach  saturation. 

When  this  happens  the  large  impedance  will 
suddenly  decrease  to  th*  saturated  Impedance, 


:  .  which  by  design  ia  chosen  eq-al  co  Za,  the 
input  impedance.  As  show  in  Fl|.  I,  this  proc¬ 
ess  continues,  m  that  a  "sain  saturation  /rent" 
prepa|ataa  a lent  the  length  of  the  ferrite.  The 
velocity  of  chi*  front  will  increase  aa  tha 
pulaa  amplitude  ia  increase-  Tha  ferrite  Una 
is  designed  such  that.  vH?r.  tha  front  raachaa 
tha  and  of  tha  farrita  Una  U.e.,  tha  entire 
langth  of  tha  farrita  ia  completely  magnetised 
in  tha  oppoaiea  diraction)  tha  pulaa  la  near  cr 
At  its  plAtaau  valua.  This  will  occur  ic  t  » 

7,  ignoring  transit  ciaa  affacta,  i.a.,  aaaum- 
ing  tha  valocicy  in  tha  saturated  rag ion  it 
such  larger  than  tha  velocity  of  tha  spin  satu¬ 
ration  front. 

Tha  advance  of  tha  spin  saturation  front  suae  ba 
distinguished  from  the  region  of  megmetie  fluid 
propagating  beyond  tha  apln  saturation  front. 
Such  field  penetration  arlaaa  iron  tha  inherent 
delay  vhieh  exists  between  tha  onset  of  tha 
sagnatie  field  and  tha  cine  needed  for  the 
spina  to  change  diraction.  Tha  field  penetra¬ 
tion  is  confined  co  a  "propagation  width." 

Fig.  1.  In  this  region  the  magnetisation 
changes  continuously  between  the  twe  oppositely 
saturated  states.  At  the  spin  saturation  front 
the  magnetisation  ia  aligned  with  the  incident 
magnetic  field,  and  the  changeover  to  the  lower 
saturation  lapadanca  it  inn  inane.  At  tha  far 
end  of  tha  propagation  width  tha  field  signal  hj 
hat  just  arrived  and  the  aegnetlxacien  la  still 
saturatad  and  opposite  to  chat  of  tha  field. 

Tha  field  is  also  shown  as  laminating  abruptly 
at  the  end  of  the  propagation  width.  This  am¬ 
plifies  the  nodal  but  in  fact  dispersion  effects, 
vhieh  result  Iron  tha  presence  of  loss  in  tha 
transmission  line,  will  tend  to  causa  the  field 
to  decrease  sore  gradually. 

As  implied  in  Fig.  2  tha  field  propagating  be- 
;*ond  the  spin  reversal  front  will  ba  dampened, 
resulting  from  tha  dissipation  which  accompanies 
tha  rotation  of  tha  spina.  The  propagation 
width,  as  wall  as  the  amount  of  damping,  will 
vary,  depending  on  the  ferrite  loading  and  nu- 
aeraui  ocher  parameters.  In  moat  eases  the 
tield  penetration  will  be  small,  on  the  order  of 
a  few  centimeters,  coepared  to  tha  tocal  length 
of  the  ferrite  line  which  ia  typically  one 
secer  long.  The  relatively  small  region  to 
which  the  propagation  is  confinad  aaScas  plausi¬ 
ble  certain  simplifications  in  tha  description 
of  pulse  sharpening,  without  retorting  to 
detailed  shock  wave  analysis. 

Analvais  of  Jiadal 

Far  concrecaness  we  consider  a  coaxial  trans¬ 
mission  line  in  which  the  ferrite  fills  the  en¬ 
tire  space  between  inner  and  outer  conductors. 
The  Analysis  nay  be  easily  extended  co  the  case 
-..'.ere  the  line  is  partially  filled  with  ferrite, 
m  which  ue  have  concentric  dielectric  and  fer¬ 
rite  sleeves.  Ic  is  also  assused  the  ferrite 
transmission  line  is  connected  to  a  load  Tj_ 
while  the  input  is  connected  to  another  line 
of  impedance  Za  (Fig.  2). 


In  che  saturated  region  of  the  line  the  ierrlte 
has  an  inductance  per  unit  length  (l,)  and  a  ca¬ 
pacitance  per  umic  length  (C,).  L,  Cg,  and  Z, 
are  given  by  standard  expressions  for  the  coaxial 
line, 

When  che  ferrite  magnetisation  is  not  aligned 
with  the  incident  magnetic  field,  che  ferrite 
will  appear  aa  a  large  impedance  relative  to  the 
saturated  impedance.  When  this  happens  mot  of 
che  input  energy  will  be  reflected  although  a 
significant  percentage  of  the  energy  Will  be 
transmitted  into  the  fertice.  In  order  cn  ascer¬ 
tain  the  degree  of  reflectlm,  one  must  calculate 
che  electrical  parameters  associated  with  the 
ferrite  line,  Lf,  Cy,  jy  (Fig.  3). 

The  transmission  line  parameters  art  a  function 
of  the  physics*,  mechanic* a  by  which  che  magneti¬ 
sation  aligns  itself  with  che  magnetic  fie::,  ho. 
The  mechanism  which  appxars  to  prevail  Is  the 
Cllbert  fora  of  the  Landau  Ufschlts  equation2 
from  which  the  time  dependence  of  che  magneti¬ 
sation  la  given  by  (gauaaian  units) 

fs  ^  *VV 

dc  S 

where  Xs  is  the  magnetisation  along  che  applied 
field,  hj  Is  the  saturation  magnetisation  and  S  is 
the  switching  constant.  Using  che  approximation 
given  by  C>  -,-gy3  the  switching  time  T0,  for  X.  to 
go  from  -Xf  co  *  U  given  by 


Thus  is  Inversely  proportional  co  che  magnetic 
field.  Using  £qs.  (1).  (2),  and  the  circuit  of 
Fig.  3,  calculation  of  che  network  parameters  1;, 
C;,  gives 
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where  4  and  a  are  che  outer  and  innar  radii  tf  tha 
ferrite,  respectively,  and  la  ia  the  mein  magnetic 
length.  In  til  equations  che  magnetisation,  mag¬ 
netic  field,  and  S  are  given  in  paussian  units. 

All  other  quantities  are  in  JOS. 

In  calculating  l,  and  abusing  Eq.(l),  we  have 
assumed  the  ciae'averaged  quantity  for  JL,  i.e., 

•I.  "  0.  In  a  sans*  this  amounts  to  treating  the 
entire  propagation  width  as  the  load  seen  by  the 
Incident  wave,  since  JL  varies  from  +MS  to  -M,  ir. 
the  region.  Intuitively  this  appears  to  be  a 
reasonable  assumption  since  this  length  is  usually 
small  compared  to  the  tocal  ferrite  length  and  is 
also  small,  or  at  laasc  comparable,  co  the  wave¬ 
lengths  corresponding  to  che  frequencies  present 
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in  the  incident  wav*. 

The  final  network  parameter  needed  to  describe 
the  high  impedance  ferrite  la  eha  capacitance  pa; 
units  length  C,.  ;.’a  calculation  is  required  here 
however  sinea  we  have  assumed  that  tha  magnetic 
propattiaa  ara  uncoupled  iroa  sha  dielectric 
properties.  Thus  C,  will  be  unchanged  from  tha 
saturated  capaclcanit  C(. 

Cnee  tha  network  coa^onents  U,  li,  and  C#  arc 
known,  one  may  calculate  various  transmission 
lint  properties  such  as  the  impedance  I the 
reflection  coefficient  T,  tha  propagation  con¬ 
stant  Y*,  and  other  quancltlet,  using  steady 
state  tfanaaisaion  line  expressions  with  fre¬ 
quency  u.  The  phase  velocity  v  is  obtained 
fren  u/ St  where  3;  is  the  imaginary  part  of  y*. 
Another  laportant  velocity  is  that  of  the  apin 
saturation  front,  v^,  which  is  obtained  b>  relat¬ 
ing  the  energy  delivered  by  the  pulse  to  the  en¬ 
ergy  needed  to  redirect  the  spina  contained  in 
the  propagation  width,  1,.  The  propagation 
wiech  is  defined  by  l  *v  T  .  *  second  impor¬ 
tant  length  is  I,  *  1/a,  where  0;  is  the  real 
part  of  Y,.  When  L.  <  substantial  attanu- 
acion  occurs.  Whan  I,  >  1,  the  loss  is  snail. 

When  the  pulse  is  introduced  at  the  start  of  the 
line  the  propagation  width  will  be  relatively 
large  since  the  field  in  the  ferrite  is  snail. 

As  chi  pulse  increases  in  amplitude  will  in¬ 
crease  and  the  spin  saturation  front  will  catch 
up  with  tha  propagation  front.  The  residual 
field  penetration  at  the  end  of  the  line  will 
have  a  tine  duration  of  ?0,  given  by  Eq.  (2), 
which  represents  the  rlsetime  limitation. 

Model  Approximations 

In  order  to  obtain  mathematically  tractable  re¬ 
sults  several  approximations  have  been  made.  The 
sore  important  of  these  will  be  discussed  briefly, 

An  important  approximation  is  the  neglact  of 
shock  waves.  In  the  propagation  region  it  was 
shown  that  the  permeability  is  inversely  pro¬ 
portional  to  the  signal  level.  The  lower  permea¬ 
bility  region  near  the  spin  saturation  front  thus 
supports  a  faster  wave  compared  to  the  higher 
permeability  near  the  end  of  the  propagation  re¬ 
gion.  As  a  result  the  faster  waves  will  catch  up 
with  the  slower  waves,  compressing  the  propaga¬ 
tion  region.  A  knowledge  of  such  waves  may  be 
derived  from  the  nonlinear  differential  equations 
which  apply. 

A  second  approximation  is  the  application  of  the 
steady  stete  solution  to  deal  with  a  problem 
which  is  transient  in  nature,  i.e.,  we  are  deal¬ 
ing  with  a  pulse  rather  than  the  case  of  a  single 
frequency,  further,  the  lina  is  lossy  and  thus 
dispersion  effects  will  octur.  Laplacian  tech¬ 
niques  may  be  applied  to  solve  such  s  problem, 
although  the  details  arr  cumbersome.  Although 
the  transient  calculation  is  not  done  here,  one 
can  surmise  the  dispersion  effects  st  least  by 
examining  various  frequencies,  u,  such  chacu^u0 
where  u>  •  2t/T_.  Since  we  are  interested  in 
the  fas2  riseciae  response,  our  interest  will  be 
centered  on  the  higher  frequencies  since  these 


frequencies  are  responsible  for  the  fast  rise- 
time.  In  addition  one  must  take  into  account 
pulte  broadening  which  results  from  motion  of 
spin  saturation  front  relative  to  the  propagation 
in  the  saturated  region. 

Another  approximation  hat  to  do  with  tha  time  dt- 
pandanea  of  tha  magntcixaclon  axprasasd  in  Eq.(l). 
Time  average  values  of  lr  have  been  utilised,  and 
their  effect  on  the  solution  should  be  exsetined. 
Also  the  time  change  in  magnetisation  slows  down 
conaldarably  near  extremes  X.  «  +  M  .  This  will 
Impact  on  tha  sharpness  of  tfie  s^in  saturation 
front,  resulting  in  a  front  which  has  a  --ofile 
rather  than  one  in  which  the  change  is  abrupt. 

Another  important  approximation  is  tha  neglect  ef 
magnetic  field  accumulation  in  the  propagation 
region,  arising  from  earlier  portions  or  the  pulse 
risetime.  In  this  analysis  it  is  assumed  h,  is 
solely  a  function  of  the  field  incident  on  the 
saturation  front  and  prior  fields  are  Ignored. 
Taking  flald  accumulation  into  account  affects 
the  calculation  of  TQ  as  well  as  the  network 
parameter!  L, ,  X,. 

*  m 

Computational  Aesults 

Computation  of  aevaral  important  quantities, 
based  on  the  model,  is  given  in  Fig.  4.  In  order 
to  obtain  numerical  results  it  is  assumed  the 
frequency,  u,  is  given  by  2z/TB  where  T.  is  the 
delay  time,  l.a.,  tha  time  neeaed  for  :m  spin 
saturation  frunc  to  transverse  the  ferrite.  It  it 
assumed  the  pulse  reaches  its  plateau  valua  the 
moment  it  emerges  from  the  farrlca.  If  transit 
elm#  affects  are  Ignored  TQ  »  Tg. 

Fig.  4  show*  how  v«,  v  ,  and  T  change  during  the 
pulsa  riaetime  incident  on  the  apin  saturation 
front,  it  la  as  turned  voltage  incident  on  the 
front,  V,  has  a  ramp  Ilka  dependence,  reaching  a 
maximum  of  63Q03  volt*  at  t  •  70  na.  As  antici¬ 
pated  both  v/  and  v  increase  vich  signal  leval, 
although  v_  levels  Sff  because  of  the  reslaclve 
losses.  Tq  decrease!  rapidly  with  voltaga.  This 
is  expected  since  the  signal  strength  becomes 
large  in  the  propagation  width,  and  chit  in  turn 
raducas  T  .  The  value  of  T0  at  t  »  70  na  ia  3? 

2.0  na,  which  represents  the  residual  riaaciaa 
emerging  from  the  ferrite  line.  lQ  is  approxi¬ 
mately  3  cm  as  It  emerges  from  the  ferrite. 

The  length  of  the  ferrite  lina  t,  it  found  by  in¬ 
tegrating  vf.  With  tha  prasent  model  1,  should 
be  approximately  equal  to  the  integral  of  v  , 
denoted  by  L_.  This  lgnoras  corrections  arising 
from  tha  propagation  width,  which  effectively  in¬ 
creases  ll.  In  the  cast  of  Fig.  4,  for  example 
U  it  lOrem  while  L  it  90  cm. 

*  P 

Experimental  Eoaulta 

A  130  cm  long  coaxial  ferrite  line  was  constructed 
and  catted.  The  magnetic  material  is  magnaslua 
farrlca,  supplied  by  Trans-Tech,  type  771-3000. 

The  saturation  magnetization  (4rM#)  it  3000  gauss, 
with  a  remanent  induction  of  2000  gauss  and  a  co¬ 
ercive  fore*  of  0.85  Oe.  Tha  farrlca  is  composed 
of  sleeves  each  1.25  cm  lor.g,  with  an  OD  of  0.5  cm 
and  an  ID  of  0.25  cm. 


The  be  sic  circuit  for  testing  the  pulse  sherpener 
t*  shewn  in  Fig.  5.  The  input  witch  is  \  chyre- 
tron,  JAJS  7621,  which  operate*  up  to  9  kV  peak. 
The  coble  m  hi*  *  SO  fl  impedance,  with  the 
pulsewldth  varying  from  JO  n*  to  300  n*.  The 
bit*  circuit  provide*  current  to  "sec"  the  fer¬ 
rite.  JUT  choke*  ire  included  to  prevent  pul*e 
interietion  between  the  bin*  circuit  Md  the 
ferrite  line.  Current  in  i  low  inductence  loed 
re*i*tor  1*  aei*ured  with  i  Tektronix  CT-1  trans¬ 
former. 

When  the  ferrite  wee  blued  in  it*  "set"  ttate 
very  little  difference  we*  noticed  in  the  output 
when  the  negr.etic  field  exceeded  the  coercive 
force  of  0.93  Ce.  However,  when  the  field  we* 
reduced  below  chi*  value  the  flux  reveraal 
quickly  diminished  end  the  output  changed 
accordingly.  Pul«e  sharpening  could  be  obtained 
with  bias  current*  a*  low  a*  0.4  A. 

Fig.  6  shows  the  pulse  uevefora*  with  and  with¬ 
out  bias  for  a  6  kV  charging  voltage.  The 
effective  nagnecisation  we*  reduced  by  lowering 
the  bias  current  to  0.4  A.  The  sharpened  rise- 
tine  after  correction  for  instrumentation  riae- 
ciae  of  2.S  ns  is  about  6  ns.  The  total  delay 
tiae  Tq  is  approximately  70  ns  which  include* 

33  n*  of  transit  tiae  delay.  Experimental 
results  say  be  compared  with  the  computed 
result*  in  Fig.  4,  assuming  the  parameter  value* 
listed.  The  modal  predices  a  length  of  101  cm 
and  a  residual  risetime  of  2  n*.  The  discrep¬ 
ancy  in  risetime  1*  accounted  for  by  dispersion 
and  field  accumulation  effects,  which  have  been 
Ignored. 

The  net  pulse  sharpening  can  only  be  determined 
by  cosparison  of  the  sharpened  pulse  with  the 
incident  pulse,  delivered  to  30  n,  with  the  fer¬ 
rite  line  disconnected.  The  risetime  thus 
censured  was  13  ns,  indicating  a  net  improvement 
of  better  than  2:1. 
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Fig.  1,  Motion  of  Spin  Saturation  Front 
in  Ferrite  Transmission  Line. 


Conclusion* 

A  model  for  the  ferric*  pulse  sharpener  based  on 
a  lossy  but  linear  transmission  line  was  formu¬ 
la  tad.  Results  derived  from  the  model  appear  to 
be  in  reasonable  accord  with  the  experiment! 
done  cn  a  130  cm  large  ferrite  line.  Rirther 
refinements  in  the  model  and  additional  compari¬ 
son  with  experimental  results  are  planned. 
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Fig.  2.  Propagation  Region  in  Ferrite 
•  Transmission  Line* 
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yij.  3.  Equivalent  Circuit  of  Ferrite 
Translation  line  for  both 
Saturated  and  tttiaturated  Mgion*. 


ig.  4.  Variation  of  Spin  Saturation 
Front  Velocity  (v,),  rhaae 
Velocity  (v  ),  and  Switching 
Tine  (TQ>  ak  Function  of  Tine 

for  70  nc  Ranp  Klsetiae. 


Fig.  6.  Fulae  Uevefom*  at  Output  With 
and  Without  Magnetic  Field  Sia« 
Horizontal:  10  na/ca 
Vertical:  1  kV/ca 
Voltage  on  50  fl  FFH:  6  kV. 
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Fig.  S.  Experimental  Teat  Circuit  for 
Ferrite  Fulae  Sharpener. 
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ABSTRACT 


When  coaxial  cable  Is  used  for  high  voltage 
pulse  transmission,  a  voltage  transient  appears 
on  the  outer  sheath  conductor.  Although  the 
magnitude  of  the  transient  Is  In  the  order  of 
only  a  few  per  cent,  this  amounts  to  several 
Mlovolts  In  cany  cases  and  aust  be  carefully 
considered  In  terns  of  Its  effect  on  lnstru- 
centatlon,  control  and  safety.  To  a  first 
approximation,  theoretically  a  coaxial  cable 
should  not  develop  any  voltage  on  the  outer 
sheath.  A  core  refined  analysis  and  model  shows 
that  the  complete  cancellation  depends  upon  the 
self  Inductance  of  the  sheath  being  exactly 
equal  to  the  mutual  Inductance  between  the 
sheath  and  the  center  conductor.  ThU  condi¬ 
tion  Is  never  exactly  satisfied  due  to  current 
distribution  effects,  tven  when  the  distribu¬ 
tion  Is  uniform  and  radially  symmetric.  The 
situation  becomes  worse  when  proximity  effects 
are  accounted  for.  The  predicted  sheath  vol¬ 
tage  agrees  with  experimental  data  within 
reasonable  limits. 


INTRODUCTION 

The  analysis  of  coaxial  transmission  lints  Is 
commonly  based  upon  the  Incremental  section 
model  as  shown  In  rig  1.  The  self  Inductance 
of  the  center  conductor  Is  L,  the  outer  sheath 
L.,  and  the  mutual  Is  M,-.  The  lumped  equiva¬ 
lent  capacitance  of  threlecent  Is  C.  Also 
shewn  In  Fig  1  is  the  equivalent  model  using 
uncoupled  Inductors  with  the  corresponding  re¬ 
lations  between  circuit  valves.  Kote  that  If 
■  H,«  the  effective  Inductance  of  the  outer 
sheath  is  tero  (short  circuit)  and  all  the  loop 
Inductance  is  associated  with  the  Inner  conduc¬ 
tor.  In  reality,  L,l2^H,n  to  within  a  few 
percent,  however,  there  IS^a  multiplicative 
effect  such  that  a  given  percentage  unbalance 
d  M.~  leads  to  several  times  that 
balance  in  the  division  of  vol- 
the  Inner  conductor  and  sheath. 
This  simple  mechanism  is  the  basis  for  explain- 
*ng  the  existence  of  the  voltage  transient  on 
the  outer  sheath.  The  equation  relating  the 
voltage  on  the  sheath  to  the  circuit  values 
Is  plotted  In  Fig  2.  and  reads: 

l\)  7-/V  »  R’(l-a)  /  (l+K*(l-2*a)) 


between  L-  ai 
percentage  u 
tage  between 


»■! 

QtrTCIfl- 


t 


*12  =f= 


-O 


CKinrjP — 

LZ 

m><-2 

K,2<  SQST  (Li*L2) 


Lr 

O— 'inrarv- 


X 


lie 


O — >Tn<T^ 

Li*  «L,  -M,;, 

l2'  ■  l2  -  Ml2 


FIGURE  l 
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where: 


K 


«  voltage  on  the  sheath 
*  impressed  voltage 

-  wi,l 


*  *  ^*1^2 

L,  ■  inner  conductor  Inductance 
Li  ■  Sheath  Inductance 
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Sheath  Inductance 
Hutual  Inductance 


hate  that  as  a  changes  frets  a<l  to  a>l,  the 
polarity  on  the  sheath  reverses. 


FACTORS  AFFECT! KG  HUTUAL  H.'OUCTAKCE 


Two  factors  affecting  outual  inductance  are 
the  distribution  of  flux  within  the  finite 
thickness  of  the  sheath  current,  and  the  cur¬ 
rent  distribution  in  the  cable  as  determined 
by  the  proxinity  effect  of  other  current 
carrying  conditions  such  as  ground  plane 
Images,  etc.  Consider  first  the  sicple 
case  illustrated  In  Fig  3.,  that  of  a  coax 
cross-section  with  a  unifora  current  distri¬ 
bution  and  thus  a  flux  field  which  is  per¬ 
fectly  concentric.  By  fundamental  defini¬ 
tion,  mutual  Inductance  Is  measured  by  the 
flux  coupling  the  Inner  conductor  due  to  a 
unit  current  in  the  outer  conductor.  Thus, 
the  autua'  is  measured  by  all  of  the  flux. 

Also  by  definition,  the  self  Inductance  of 
the  sheath  is  measured  by  the  flux  coupling 
the  sheath  current  due  to  a  unit  sheath 
current.  The  sheath  current  is  uniformly 
distributed  over  the  thickness  T  and  the 
flux  varies  linearly  from  aero  at  the  inner 
surface  to  maximum  at  the  outer  surface 
thus  the  flux  Internal  to  the  sheath  doesn't 
effectively  couple  all  the  sheath  current, 
so  L,  will  be  less  than  H.,.  Modifying  the 
Inductance  equation  for  cylindrical  conduc¬ 
tors  given  by  Grover1  to  account  for  the 
uncoupled  flux  internal  to  the  sheath  one 
obtains  the  expression  in  equation  (2) 
for  the  ratio  Mj2/L2: 

(2)  M12/L2  -  l+(l/2)*LH(l/(l-6))/2*{LN(B/R2-l)) 

where:  R?  ■  Kean  radius  of  sheath  (an) 

8*  ■  Length  (cn) 

T  ■  Sheath  thickness  (cm) 

S  ■  t/r2 

Equation  (2)  is  plotted  in  Fig  4. 

Consider  now  the  effect  of  a  non-uniform  cur¬ 
rent  distribution,  the  radially  sywnetric  flux 
of  Fig  3  will  no  longer  exist,  in  fast,  the 
flux  between  the  sheath  and  center  conductor 
will  no  longer  be  zero.  The  simple  evalua¬ 
tions  of  self  and  mutual  inductance  as  above 
are  no  longer  possible. 

An  evaluation  of  the  proxinity  effect  on 
mutual  Inductance  for  staple  geometrical 
cases  was  done  by  computer  using  the  model 
shown  in  Fig  5.  The  inner  and  outer  con¬ 
ductors  and  their  images  were  modeled  using 
100  Independent  current  filaments,  50  for 
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each.  8y  symmetry,  the  toul  number  of  fila¬ 
ments  in  the  model  is  -SCO.  Using  expressions 
for  the  self  and  mutual  inductances  in  terms  of 
the  geoewtry,  a  solution  for  the  ICO  inde- 
pendent  currents  was  obtained  using  Creamers 
rule  to  solve  the  loop  equations  on  a  CYBER 
176  computer.  The  ASPLI3  library  program 
SECCHP  was  used  to  evaluate  the  ICO  x  ICO 
determinants.  This  model  was  used  to  evalu¬ 
ate  only  the  proximity  effect,  thus  in  free 
space,  i.e.  no  images,  it  wos  calibrated  to 
give  zero  voltage  on  the  sheath.  This  was 
accomplished  by  adjusting  the  diameter  of 
the  filaments  to  null  theQsheath  voltage  to 
less  than  one  part  in  I0‘u  per  unit  of 
impressed  voltage.  The  diameter  used  to 
accomplish  this  was  1.07596  times  the  cir¬ 
cumference  of  the  conductor  being  modeled 
divided  by  ICO. 

The  net  proximity  effect  on  M,~  as  a  function 
of  the  distance  of  a  RG-19  coix  above  a 
ground  plane  is  shown  in  Fig  6.  In  Fig  7  are 
current  distributions  due  to  various  prox¬ 
imity  effects.  The  cases  shown  are  for  a 
RG-19  cable  spaced  1.04  sheath  radii  from  a 
ground  plane.  Case  1  is  the  distribution 
in  the  outer  conductor  with  the  coax  center 
conductor  used  as  a  return  in  the  normal 
manner.  Case  2  is  with  the  center  conduc¬ 
tor  removed  and  an  infinite  ground  plane 
carrying  the  return  and  Case  3  is  with  the 
center  conductor  removed  and  the  image 
carrying  the  return  (two  wire  open  line), 
llotice  the  remarkable  insensitivity  to  the 
proximity  effect  a  coax  has  (  1.5S)  com¬ 
pared  to  the  other  cases.  The  effects  of 
various  geometrical  distortions  are  shown 
in  Fig  8.  The  initial  geometry  of  the 
three  cases  shown  is  an  RG-19  spaced  1.04 
radii  f ran  ground.  Case  1  is  for  the  cen¬ 
ter  conductor  coved  off  center  along  the 
X  axis  by  +  -25  sheath  radii.  Case  2  is 


for  the  center  conductor  moved  along 
the  y  axis  by  +  .25  sheath  radii.  Case  3 
is  far  an  eliptial  distortion  of  the 
sheath,  elongated  along  the  Y  axis  by  0  to  .25 
sheath  radii. 

Comparing  the  data  of  Figures  2.  6,  and  8  it  is 
obvious  that  the  ratio  of  mutual  to  self  inductance 
M.-/L-  is  predominantly  determined  by  the  thicx- 
ness  of  the  outer  sheath  and  the  proximity  and 
mechanical  distortion  effects  can  be  neglected  in 
most  cases. 
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CASE  c,  Round  conductor 
above  ground  plane 
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Egan.  Or  A  BEAL  CIRCUIT 

Shown  In  Fig.  S  is  ;ne  circuit  model  of  *  pulse 
transmission  cosx  including  the  ground  plane. 

The  cable  is  a  Dielectric  Sciences  ES-201S,  61 
meters  long  and  modeled  at  an  average  of  15  cm 
above  the  ground  plane.  The  distributed  circuit 
of  the  cable  and  ground  plan?  is  modeled  by  ICO 
f'nite  elements.  The  driving  source  is  330  K V 
*tiin  a  one  microsecond  rise  tine  and  a  27.68 
ontx  source  resistance.  A  FORTRAN  computer  code 
was  used  to  solve  the  circuit  by  coventiona! 

>oop  current  techniques.  The  result  of  the 
analysis  giving  the  voltage  from  sheath  to 
ground  ai  the  sending  end  is  plotted  in  Fig.  10, 
also  shown  is  the  eeasured  voltage.  The  cable 
was  driven  through  a  pulse  transforcer,  CCG  is 
the  secondary  to  ground  capacitance  and  RA  is 
a  60  one  resistor  used  to  monitor  the  voltage 
via  a  current  transformer. 

CONCLUSION 


It  is  concluded  that  the  transient  voltage  which 
develops  on  the  sheath  of  a  coaxial  cable  under 
Dulse  conditions  may  be  explained,  analyzed  and 
reasonably  well  predicted  based  upon  the  differ¬ 
ent  between  the  mutual  inductance  and  the  sheath 
inductance  of  the  cable. 
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autuc: 

tA  optically  activated  10  kV  pulsar  vu 
designed  co  provide  low  Jitter,  loot  life, 
reliable  triggering  o l  Igultrons,  trlgatron,  or 
aidplana  triggered  rv«tk  gaps  to  high  voltage 
electrically  noisy  environments.  tor  nldplaae 
triggered  *P«rk  |ipi,  a  s  tap-up  transformer  to 
also  required.  Th«  Input.  to  a  libra  optic  cabla 
la  «  >.5  watt  Injection  laaar  diode.  The  polaor 
detects  and  amplifies  th«  libra  optic  cabla 
output  to  10  kV. 


1.  Introduction 

The  development  of  this  pulsar  la  lacaadad 
to  bridge  tha  {*P  bacvaan  Inexpensive,  relatively 
slew  rlsa  tiaa,  large  Jittar.  soaatiaaa  short 
lived  pulsars  and  tha  axpanalva  last  rlsa  tine, 
low  Jitter,  also  short  lived  pulsars. 


XI.  ire  its 

Tha  tight  Actlvactd  10  kV  Low  Jittar  Puller 
basic  da sign  consists  ol  a  Light  Detector-  Pulse 
Aapllller,  sn  Intermediate  Scaga  Pulse  Amplifier, 
and  a  Krytrcn  10  kV  Output  Pulsar.  (Saa  Fig. 
1 -Sasic  Slock  Olagraa.) 


•fork  performed  under  tha  auspices  ol  the  'JSDOE. 


Tha  Light  Detector-Pulse  Amplifier  consists 
el  a  photo  diode,  oalctar  follower  and  avalanche 
translator. 

Tha  Intermediate  Stage  Pulse  Amplifier  la  a 
twenty  stage  1CX  Sant  generator  circuit* 

Tha  Krycren  10  kV  output  pulsar  Is  a  two 
stage  modified  Xrytron  tuba  Marx  generator 
circuit.  Tha  nsdlllcatlon  to  this  tuba  consists 
cl  an  elongated  glass  envelope  ■  2.23"  Instead  ol 
tha  standard  0.13"  lor  a  XX-A  S.  C.  A  C. 
Xrytron  tuba.  Tha  Increased  glass  envelope 
length  provides  lor  more  gas  thus  Increasing 
anticipated  lifetime  of  tha  tuba.  In  ordar  to 
daersasa  tha  Jitter  of  tha  tuba,  tha  keep  alive 
a insane  ol  the  tuba  Is  pulsed  with  a  current  * 
100  times  tha  normal  keep  alive  current  for  one 
nllllsacond  prior  to  tha  triggering  ol  tha  grid 
ol  the  tuba.  (Saa  Fig.  2-Modilled  Slock 
Dlagraa.) 
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xxx.  :>k 

Light  Detector-Pulse  Amplifier.  This 
circuit  provides  •  120  volt  output  pulse  vlth  <  1 
nanosecond  rise  time.  I  nanoseconds  delay  tine 
ant  negligible  Jltcar  for  triggering  tha 
Intermediate  Stag*  Pulae  Amplifier.  This  pulse 
will  be  used  as  a  reference  for  measuring  delays 
el  tha  succeeding  circuits,  this  pulse  can  ha 
used  as  a  synchronizing  pulse  tat  triggering 
scopes,  etc. 

Intermediate  a«ge  pulse  aapllflar*  this 
circuit  provides  a  1*00  volt  output  pulse  vlth  an 
S  nanosecond  rise  tine,  IS  nanoseconds  deist?  time 
and  negligible  jitter* 

Krytron  10  kV  Output  Pulsar,  this  circuit 
provides  a  10  kilovolt  output  pulse  vlth  a  S 
nanosecond  rise  tine.  35  nanoseconds  delay  tine, 
and  2  nar.oaecouda  jitter. 

the  complete  Light  Activated  10  kV  Lov 
Jitter  Pulsar  provides  a  10  kilovolt  output  pulse 
with  a  S  nanosecond  rise  time.  SO  nanoseconds 
delay  iron  the  raierence  pulse  or  58  nanoseconds 
delay  from  the  light  pulse,  and  2  nanoseconds 
jitter. 

IV.  Future  Experiments 

Life  testing  of  the  present  circuitry  Is  yet 
to  be  performed.  As  a  naans  of  obtaining  the 
best  possible  pulsar  with  today's  available 
technology  designs  of  the  following  pulsars  will 
also  be  built  and  tested. 


1.  Hydrogen  Ihyratron  10  kV  Output  Pulsar 

(using  an  S.  0.  *  C.  RY~t  hydrogen 

thyrar.ron) 

2.  SC8  10  kV  Output  Pulsar  (using  A.  S.  X. 

Semiconductor  XT  2105-1*01  puls* 

thyristors) 

3.  MOT  10  kV  Output  Pulsar  (using 

Vestlnghouae  7*0810220*  reverse  bias 

diode  thyristors) 

An  interest  in  tha  possible  use  of  LAS  CP. 's 
has  determined,  through  conversations  with  Lou 
Lowry  at  Uestlnghouea,  that  such  a  device  is  not 
yet  available  even  experimentally  which  can  be 

triggered  with  leas  than  approximately  10 
nlllljcules  of  light  for  a  lkV  device.  For  a  10 
kV  pulsar  10  LAS  CP's  would  therefore  require  100 
nillijoules  of  light  for  triggering. 

V.  jfVaawlsdf  soti 

Discussions  with  bill  Xunnally  and  Jin 
Serjeant  at  LASL  have  been  most  helpful  in  the 
design  and  tasting  of  this  pulsar.  Information 
concerning  the  modified  Krytron  tube  and  the 
method  for  decreasing  its  jitter  have  been 
provided  by  Spencer  Marg  of  C«  C.  t  C.  and  Jim 
Serjeant  at  LASL. 
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Abstract 

Line-typo  pulsar*  operating  at  rep-rsta*  greater 
this  a  kiioherea  require  special  circuit*  to  lie 
sure  proper  operation  of  the  switch.  Specifically, 
thyrscren*  and  other  closing  switches  require  a 

period"  of  several  nleroaeconds  or  Mr*  be¬ 
fore  anode  voltag*  1*  reapplied;  this  delay  allow* 
recover/  and  prevent*  r*clo*ur*  of  the  thyracron. 

sethed  of  achieving  the  required  4* lay  tiM  1* 
t-y  using  a  slightly  nisxaeched  PW  and  •  lower- than- 
raionaat  charging.  However,  repetition  rate*  of 
lino-type  Mdulacora  are  Halted  hy  the  character- 
ticui  of  resonant  charging.  In  order  to  Increase 
rep-rates,  these  characteristic*  say  he  Mdlfled  hy 
using  a  saturable  reactor  a*  a  charging  inductor. 

This  paper  describes  design  considerations  and  lab¬ 
oratory  performance  of  saturable  inductors  used  to 
mcnately  charge  an  energy  storage  network  up  to 
!i  kv  with  a  delay  as  noth  as  1C. 3  microsecond*. 


Introduction 

The  required  cine  delay  or  graet  period  for  switch 
reesuerv  xav  b«  achieved  with  a  < ewe  end  charge 
schemes  however,  the  required  circuitry  Is  usually 
tssplicaced  and  expensive.  A  comparatively  slaple 
and  inexpensive  sethed  of  achieving  thl*  charging 
delav  is  through  slower  thnn  resonant  charging.  The 
saj.,r  disadvantage  of  this  nethod  is  the  linicacies 
.!  rap-rates  ta  a  narrow  range  by  the  characteris¬ 
tics  of  inductive  charging.  Thl*  r«p-cact  restric¬ 
tion  nay  he  reduced  by  using  a  saturable  inductor 
as  a  charging  lnduetsr.  The  ssjor  disadvantage  of 
using  aacurable  inductors  in  inductive  charging  net¬ 
work.  13  that  their  operating  characteristics  are 
•vlcaqe  dependent. 


V  saturable  inductor  utilizes  the  non-linearity  of 
the  mcaresis  curve  of  ferromagnetic  material*. 
Initially,  the  Inductor  operates  in  the  high  peree- 
iSility  region  of  the  3-K  curvo.  This  provides  a 


high  inductive,  low  energy  transfer  period  (delay 
in  Min  charging  cycle)  allowing  adequate  recovery 
tine  for  the  closing  switch.  Vpo*  saturation,  the 
Inductor  cere  operates  In  the  low  penesbllity  re¬ 
gion  of  the  3-K  curve  producing  a  lew  Inductance 
which  results  in  a  relatively  fast  energy  transfer. 
At  the  end  of  the  charging  cycle,  the  core  resets 
to  the  initial  condition*  and  the  cycle  repents. 

To  obtain  a  sharp  break  between  the  seturaced  and 
unseturated  a cites  of  the  saturable  Inductor,  it  is 
desirable  to  Have  the  3-K  characteristic  of  the 
core  a*  square  as  possible.  This  provides  high  In¬ 
itial  penesbllity  for  the  charging  delay  and  a  low 
saturated  pemeablllty  for  fast  charging  (high  rep¬ 
rices).  in  order  to  achieve  high  rep-races,  a  low 
saturated  inductance  Is  required.  Since  the  satu¬ 
rated  Inductance  la  Inversely  proportional  to  the 
square  of  the  saturable  flux  density  ,  a  large  satu¬ 
rated  flux  density  results  in  a  lew  saturated  in¬ 
ductance.  For  efficient  inergy  transfer,  hystere¬ 
sis  losses  should  be  as  low  as  possible.  To  sinl- 
aixe  this  loss  while  naintaining  a  high  saturation 
flux  dtnslcy,  a  low  coercive  force  is  desired. 

A  typical  line-type  sodulatoc  Is  shown  in  Figure  la, 
with  the  saturable  Inductor  used  as  the  charging 
inductor.  The  charging  cine  for  resonant  charging 
with  a  linear  Inductor,  as  seen  in  Figure  lb,  is 
decersined  by  the  charging  Inductor  and  the  capaci¬ 
tance  of  the  pulae  forming  network  'PH!): 

T  *  -r~LC  •it 

To  prevent  reclosure  si  the  main  discharge  switch, 

T  should  be  sufficiently  large  that  a  thrashold  vot- 
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tag*  V.is  son  exceeded  within  seconds,  whet* 

%  •  • 

is  the  race very  tis*  of  the  switch.  A  slight  nega¬ 
tive  mismatch  of  ch«  load  and  fn»  win  increase  T 
and  affeec  :h«  aaxixu*  rep- rate  only  slightly.  The 
saxlswc  »;-:««  a;  which  the  switch  m/  b<  oper¬ 
ated  is  thus  limited  co  approximately: 

i  •  1/7  (2) 


Flf.  1:  (a)  A  line-type  aodulatar  utilizing  *  sat¬ 
urable  inductor  u  charging  Inductor.  The  voltage 
charging  waveform  Is  shown  using  (b)  a  llnaar  in¬ 
ductor  and  (c)  a  saturable  Inductor. 


I'sa  of  a  sacurabls  Inductor  as  a  char|la|  inductor 
will  rasult  In  chs  ways form  shown  in  Figure  le.  Thi 
tins  required  to  saturatn  chs  corn.  tf,  is  chcasn 
large  «nou|h  to  allow  recovery  of  chs  switch.  ThS 
charging  tins  is  now  dependent  upon  chs  saturated 
inductance  of  chs  inductor: 

"  s,^sac^  <3> 

For  rtliabls  operation,  chs  corn  should  mast  coap- 
proxisattly  chs  saats  polac  on  chs  1-X  curve  aftnr 
each  saturation.  The  tins  required  to  reset  co 
this  point  Is  dependent  upon  chs  n usher  of  turns, 

S',  area  of  chs  core,  A,  saturation  flux  density,  8,, 
and  voltage  applied  co  the  core  during  reset, 


reset' 


such  that: 


:  .  2L Lh 

reset  £ 

reset 


(6) 


Therefore,  the  aaxlsum  rep-rate  is  now  limicad  co 
approxiaacely: 


r  -  1/(V  t'  +  w>  (5) 

The  saxiaias  rep-rate  obtainable  through  using  a  sat¬ 
urable  inductor  for  charging  nay  be  realised  by 


letting  the  saturation  tine  of  the  inductor  corre¬ 
spond  to  the  recovery  time  *1  che  thyratron  and  by 
alnislting  che  saturated  enduttar.ee  of  the  Induc¬ 
tor. 


Design  Considerations 

A  typical  hysteresis  loop  for  ferromagnetic  sace- 
rlal  suitable  for  use  in  saturable  inductors  is 
shown  in  Figure  3,  where  the  coercive  force,  X(, 
the  setureted  flux  density,  Jf,  end  the  saturated 
permeability,  ua,  are  indicated.  During  the  delav 
period,  t  ,  the  voltage  applied  to  the  Inductor  is 
approximately  constant  and  1s  equal  to  the  power 
supply  voltage,  Ep>.  Froa  Faraday's  law,  the  num¬ 
ber  of  turns  required  for  a  saturable  inductorwith 
delay  cIm  of  c  seconds  may  be  determined: 

s .  hilt  ii) 

sn, 

where  a  is  the  eroaa-tectlonal  area  and  S  is  the 
stacking  factor  of  the  core.  The  saturated  induc¬ 
tance  of  the  inductor  nay  be  determined: 


The  Man  Mgnetic  path  of  the  core  is  denoted  by  1. 


i, 


Fig.  2:  Hysteresis  loop  of  material  suitable  for 
use  in  saturable  inductors. 

Hysteresis,  eddy  current,  and  copper  losses  deter¬ 
mine  the  me  power  handling  capabilities  of  a  satu¬ 
rable  Inductor.  Hys ceres Is  loss  in  a  cycle  of  op¬ 
eration  nay  be  determined  froa  the  volume  of  the 
core  and  the  area  enclosed  by  the  g-H  loop  taken  at 
the  operating  frequency.  Eddy  current  losses  are 
characterized  by  i  R  losses  in  the  core  laminations, 
metallic  protective  cases,  sad  ecc.  The  total  core 
loss  is  dependent  upon  switching  speed,  cor*  Bate- 
rial,  tape  thickness,  and  switching  waveform.  Hys¬ 
teresis  losses  dominate  during  the  delay  cist  of 
the  saturable  inductor,  while  during  saturation 
nose  losses  are  due  to  eddy  currents.  A  more  cos- 


pi*:*  dss crip cion  o f  these  losses  and  their  effects 
upon  saturable  Inductors  nay  be  found  in  ref-rent* 
t. 

The  volume  of  the  ear*  required  in  a  saturable  in¬ 
ductor  say  be  d*«mlr.«d  ires  eh*  desired  n*  power. 
:h«  bvsceresis  loss  of  eh*  cot*  material.  sad  eh* 
rep-rat*.  The  window  area  of  eh*  eat*  Is  dependent 
upon  eh*  ma  current.  The  amount  of  current  eh* 
winding  li  required  :o  carry  determines  eh*  wind¬ 
ing  wire  at:*.  Co*  to  temperature  considerations, 
copper  will  safely  carry  approximately  233  A/e** 
rsi  currant;  ires  ehli  vatu*  eh*  required  crosa- 
seetienal  area  far  eh*  wit*  may  V*  determined.  Tor 
utr*  with  a  circular  era**  section.  eh*  windings, 
will  fill  approximately  732  of  eh*  available  win dew 
space.  The  percentage  of  window  area  required  far 
adequate  insulation  fro*  cum  eo  cum  and  layer  eo 
layer  say  b*  accounted  for  by  a  constant,  Ajm , 
uhleh  vtU  depend  \sf on  eh*  desired  vote***  held-off 
inf  quality  af  insulation.  The  window  area  *«y  saw 
14  itiinisd:  ^  j 

\  2J3C.73A,  )  w 

:n  order  eo  tstur*  reliable,  cyclic  operation  of 
the  saturable  inductor,  eh*  cor*  ahouiii  b*  r«**e  eo 
:h*  initial  rendition  after  *«ch  pulse.  this  re- 
rier.ts  eh*  iron  af  eh*  cor*  so  that  eh*  next  puls* 
will  encounter  eh*  same  chart  In*  delay.  Thla  oper- 
alicn  is  illustrated  in  Figure  3.  Ac  yotnc  l  onehi 
i-SS  ;urv*.  voltage  is  applied.  Afear  e4  seconds, 
.vine  2  is  reached  and  eh*  cor*  saturates.  The 
:cta  begin*  eo  r*s*e  at  point  3.  but  ualsss  nega- 
tlv*  currant  flew*  through  eh*  inductor  winding  and 
'legstive  flux  i3  induced  is  eh*  cor*,  eh*  cor*  say 
v  .  rsaae  eo  c,;e  inieial  condieion  indicated  by 
pel-.:  I.  le  is  also  possible  eo  cp«raee  on  a  sir. or 
tvsearasis  loop.  2n«  such  loop  could  b«  inieiaily 
s*e  ac  p'.lne  la.  In  this  ins  cane* ,  Heel*  negative 


fij.  3:  Xyster **is  loop  showing  operation  of  is* 
doctor  cor*  on  Mjor  and  sis  or  loop*. 

current;  however,  it  should  b*  noted  that  eh*  re¬ 
set  winding  will  act  a*  a  transformer  eo  eh*  main 
winding  so  ehtc  high  voltage  say  bt  applied  to  eh* 
bias  circuitry.  (Also,  additional  window  area 
would  be  required.)  The  construction  of  th«  charg¬ 
ing  died*  say  be  such  that  eh*  revsrs*  bias  leakage 
current  is  large  «aough  eo  insur*  ear*  reset,  in 
this  case,  lied*  or  no  negaelv*  flux  may  be  in¬ 
duced  in  eh*  cor*.  This  requires  that  :h«  cor*  op¬ 
erate  on  a  minor  hysc«r*ala  loop;  i.*..  only  inch* 
posiciv*  portion  of  the  J-H  curve.  Jy  eliminating 
:h*  died*,  ov*r-r«»ona*c  charging  may  b*  used  which 
will  provide  the  negative  current  n*ed«d  to  resec 
eh*  cere;  however,  this  current  may  b«  large  enough 
eo  fore*  eh*  cor*  (nco  negaelv*  saturation,  revers¬ 
ing  eh*  charge  polarity  on  the  Fnt. 

Test  lUeulta 

based  on  available  ceres,  three  saturable  inductors 
were  designed  for  an  existing  modulator.  The  test 
modulator  Is  shown  in  Figure  1.  The  typ*  of  cor* 
used  was  2  mil  laminated  silicon  steel  with: 

A  »  4  cnJ 
l  -  25.4  ca 

The  me  power  and  current  required  in  this  appli¬ 
cation  was  low,  so  tor*  volume  and  window  arta  were 
not  critical  value*.  The  design  time  delay  and  a- 
nod*  voltage  are  indicated  in  the  first  two  coluans 
of  Table  !.  From  these  values  and  sanufac tutor's 
specifications,  the  remaining  values  of  Table  1 
were  determined. 


flux  would  be  required  to  achieve  the  initial  con¬ 
dition.  The  amount  of  current  necessary  to  reset 

Anode 

Voltage 

«s 

V*T 

f 

"sac 

tat  ;cre  nav  be  determined  by: 

:  .  • H  JU 

>9) 

•  kv) 

13 

tut  eel 

9.4 

125 

60 

<eHl 

1.0 

resec  c 

20 

12.3 

220 

45 

4.3 

ieset  *av  >e  inplesented  in  several  ways. 

A  seccnd 

25 

16.5 

330 

33 

iO.S 

winding  and  bias  circuitry  nay  be  introduced  topro- 
cidad  a  d:  alas  current  equal  to  eh*  desired  reset 


Table  i:  hesign  values  for  saturable  inductors 
with  1  ail  silicon-eteel  cores. 


7n*  charging  characteristics  for  the  three  induc¬ 
tor*  are  shewn  in  Figure  S-  These  curves  lajsuu 
the  charging  voltage  acre**  the  pulse  doming  line 
iPFU  capacitance  el  the  test  aodulator,  where  rh* 
saturating  elite:  el  rh «  cor**  can  easily  it  <«* n. 
The  voltage  1*  held  of!  initially  due  :o  the  high 
inductance  corresponding  :o  rh«  delay  period.  T«* 
ear*  then  saturates,  producing  ch*  relatively  high 
frequenev  charging  w»v*for»  shown.  The  con  ch«a 
switches  hack  re  lav  induecane*  operation  and  re- 
*at*:  reset  in  rhla  ca*«  was  —Sieved  wish  revera*- 
bla*  currant  ! roc  rha  charging  died*.  A  change  in 
tin*  scale  sake*  rha  aaturarad  region  sort  pro- 
nouncad  in  figure*  4b  and  4c. 


Fig.  A:  ?**:  oodularor  uaad  In  design  and  tas:  el 
saturable  inductor*. 


araa  say  be  Jcund  iron  the  m*  currant.  Frees  cheat 
value*,  the  core  sice  *av  be  cheatn.  the  nuaibar  el 
turns  to  be  wound  cn  ch*  cara  nar  be  datenalned 
iron  core  characteristics  and  site.  £p|(  and  tt. 

The  design  of  the  expetlsental  inductors  was  baaed 
on  value*  dtterasined  as  above,  la  chase  cases,  the 
raa  power  and  currant  ver*  lew,  so  volua*  and  win¬ 
dow  area  ware  not  critical,  h'onc-the-less.  the  use 
of  saturable  Inductors  in  inductive  charging  cir¬ 
cuits  has  bean  destonsc rated.  As  the  results  have 
indicated,  an  increased  "grace  period"  nap  be  ob¬ 
tained  through  their  wee.  Since  the  delay  tine  of 
the  inductor  ia  voltage  dependant,  the  use  of  satu- 
rable  Inductor*  as  charge  delav  switches  is  best 
suited  to  constant  voltage  applications. 
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Fig.  5:  Charging  voltage  vaveione  for  the  three 
saturable  inductors  designed. 

Conclusion 

It  has  been  shewn  that  ch*  design  of  s  saturable  in¬ 
ductor  depends  upon  the  required  ms  power  and  ms 
current,  the  power  supply  voltage,  E?f,  and  the  de¬ 
sired  delay  cine,  cs.  The  cor*  voluae  say  be  de¬ 
termined  knowing  the  ms  power,  and  the  cor*  window 
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Abstract 

£l«etra-a?cieal  measurements  of  tho  electric  fields 
along  insulator  surfaces  hav«  boon  so do  to  deter¬ 
mine  tho  sochanlsaf  nssociaced  with  fast  laaulator 
flashover.  Data  will  bo  presented  that  sbav  tho 
temporal  and  spatial  performance  of  tho  aurfaco 
flolda  prior  to  and  at  flashover  for  inaulator 
aurfacaa  oriented  at  0*  and  45*  with  respect  to 
tho  appliod  f fold,  kaaulta  ahew  that  tho  aurfaco 
fiold  noar  tho  cathodo  !a  oahancod  and  tho  fiold 
near  tho  anodri  ia  roducad  during  tho  oxcitatalou. 

Tho  roaulta  further  ahow  a  temporal  roduetlon  ia 
tho  fiold  nan-vniformicy  a*  flaahovor  ia  approached. 
Tho  fiold  collapse  associated  with  flaahovor  occurs 
vary  rapidly  for  0*  aurfacoa.  Tho  field  collapse 
fir  aurfacoa  begin*  ac  the  anode  and  propegacee 
at  0.33  ca/na  towards  the  cathodo.  Mechanises  con¬ 
sistent  with  those  experimental  aoasurononts  will 
*4  postulated. 

tatroiuction 

Conducting  electrodes  in  high  voltage  devices  are 
often  separated  by  dielectric  interfaces.  The 
self-breaKdoun  or  flashover  voltage  for  electrodes 
separated  by  a  olelectric  interface  ia  typically 
leas  than  the  break-down  voltage  without  the  di¬ 
electric  Interface.  The  reduced  value  of  break- 
town  voltage  ia  generally  attributed  to  surface 
charging  of  the  dielectric  interface  and  resulting 
inter-electrode  field  modifications  which  lead  , 
eventually , to  plasma  formation  and  ionicacion  ava- 
lar.cne  along  the  dielectric  Interfacial  surface. 


The  reduced  flaahovor  potential  arising  because 
of  dielectric  interfaces  is  of  primary  concern  in 
the  design  of  fast  rise, high  voltage  accelerators. 

A  better  understanding  of  the  basic  mechanisms 
leading  to  surface  flaahovor  la  required  to  provide 
technical  direction  for  Improved  dielectric  inter¬ 
face  designs. 

Research  has  therefore  been  conducted  to  deter¬ 
mine  the  physical  mechanists  at-vociac ed  with  fast 
insulator  surface  flashover.  Specifically,  electro- 
optical  moasurements  have  been  performed  to  deter¬ 
mine  the  special  and  temporal  behavior  of  fast  rise 
time,  short  duration,  incerfaeial  electric  fields. 
Voltage  excitation  with  nanosecond  rise  time  and 
duration  and  excitation  levels  of  up  to  3QQ  fcV/ca 
have  been  used  ca  produce  data  relevant  to  present 
and  future  accelerator  designs. 

The  measurement  of  the  electric  field  distribu¬ 
tion  prior  to  snd  ac  flashover  Is  considered  partic¬ 
ularly  important  since  these  data  can  determine  the 
role  of  insulator  surface  charging  for  various  in¬ 
sulator  configurations  and  excitation  levels.  In¬ 
sulator  surface  chargingis  postulated  in  most  flash- 

over  models  and  has  been  measured  for  slower  exci- 
1—4 

tatlciis.  However,  the  distribution  end  behavior  of 
the  surface  charge  and  its  role  in  surface  flashover 
has  not  previously  been  determined  for  fast,  nano- 
stcond  excitations. 

This  paper  first  brieflv  describes  the  surface 
flashover  problem.  This  is  followed  bv  a  description 
of  the  interfacial  electric  field  measurement  tesfe- 


*  This  work  was  supported  by  Sar.dia  laboratories 


nique  used  and  the  cxperlacntal  arrangMent  requir¬ 
ed.  Results  obtained  are  then  presented,  showing 
she  tesporal  and  spatial  behavior  of  she  surface 
fields  i or  O'  and  AS*  Insulator  shapes. 

Surface  Flashover  Description 

A  simple  elecsrode-inaulasor  configuration  In 
which  surface  flashover  occurs  consists  of  two 
electrodes  separated  by  a  solid  insulator.  The  en¬ 
tire  arrangement  Is  ir.  a  vacuus.  This  arrangMent 
is  applicable  to  sany  practical  devices  and  is  used 
for  most  of  the  aeasureei«nss  reported  here.  A 
voltage  pulse  is  applied  across  the  electrodes  la 
typical  applications.  Voltage  levels  above  a  cer¬ 
tain  value,  for  a  particular  pulse  duration,  will 
cause  an  arc  or  flashover  to  occur  along  the  in¬ 
sulator  surface.  This  are  occurs  at  a  voltage  level 
chit  is  much  lower  than  the  arcing  potential  of 
the  electrodes  without  the  dielectric  spacer. 

The  physical  meehanlia  associated  with  the  ob¬ 
served  flashover  sad  the  lowering  of  the  arcing 
voltage  has  been  postulated  hv  several  researchers? 
Electrons  are  emitted  by  small  "whiskers1'  on  the 
electrode  surface  near  the  triple  point.  The 
ealsslon  mechanism  is  field  Mission  due  to  the 
field  .Intensification  at  these  microscopic  sharp 
points.  Sons  of  the  field  eoitced  electrons  strike 
the  Insulator  surface.  Most  insulators  have  a 
coefficient  of  secondary  ealsslon  greater  chan  one 
such  chat  more  secondary  electrons  are  emitted  from 
Insulator  than  striking  primaries.  This  results  in 
a  positive  charging  of  the  Insulator  surface.  This 
surface  charging  propagates  froa  the  cathode  to  the 
anode.  The  process  continues  until  a  steady-state 
surface  charge  distribution  is  esca’..iiahed  or  uncil 
flashover  occurs.  The  steady-state  charge  distri¬ 
bution  exists  when  the  energy  of  returned  second¬ 
aries  is  such  chat  the  energy  dependent  coeffici¬ 
ent  of  secondary  Mission  is  equal  to  unity.  The 
charge  distribution,  however,  does  not  have  time 
to  attain  equilibrium  for  short  pulse  excitations. 
The  occurence  of  flashover  in  this  case  has  been 

postulated  to  be  due  to  impact  ionization  of  gas 

6 

molecules  desorbed  froa  the  Insulator  surface. 

The  ionlcatlon  and  aolecular  desorption  are  both 
due  to  priaary  and  secondary  electrons  fror  the 


.achoda  and  Insulator  surface.  It  is  also  possible 
that  for  nanosecond  excitations,  the  flashover  scch- 
anlsns  operate  excrMely  fast  such  that  other  mech¬ 
anisms  in  addition  to  surface  charging  contribute 
to  flashover.  The  field  at  the  cathode  triple 
Junction  could  reach  high  enough  values  to  cause  a 
slcrodixckarge,  due  to  explosion  of  an  Mission  site. 
This  could  release  sufficient  electrons  and  photons 
froa  the  cathode  and/or  Insulator  surface  to  cause 
lapact  ionisation  of  the  gas  molecules  on  the  in¬ 
sulator  surface.  This  in  tum  could  lead  to  a 
plasma  streamer  and  ultimately  breakdown. 

XeasurMent  Technique  and  Exntrlaental  Arranteaent 

Flashover ,  eceordlng  to  postulated  aodels,  re¬ 
quires  that  the  insulator  surface  be  charged  by 
field  Mitred  electrons.  The  surface  charge  then 
enhances  the  electric  field  in  the  cathode  region 
near  the  insulator,  causing  increased  cathode  field 
Mission,  avalanche,  and  ultimately  breakdown.  The 
flashover  process  therefore  is  dependent  upon  an 
inter-electrode  field  modification.  The  modifica¬ 
tions  to  the  inter/aclal  electric  fields  along  the 
surface  of  the  Insulator  were  electrc-optically 
measured  in  this  Investigation. 

Electric  field  measurMtnts  were  made  using  teat 
cell  arrangMents  shown  in  Figure  1.  The  test  cell 
shown  in  Figure  1(a)  is  constructed  using  a  ESP 
(pccasslum-dlhydrogen-phosphate)  crystal  as  the 
insulator  material  while  the  test  cell  in  Figure 
1(b)  is  constructed  using  nylon  surrounded  by  nitro¬ 
benzene.  The  surface  electric  fields  can  be  deter¬ 
mined  by  optically  measuring  the  Pcr.kels  effect  in 
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the  K2?  near  eh*  vacuus  flashover  surface  or  by 
seasuring  the  Kerr  tiJct  In  nitrobenzene  n««c  ch« 
r.ylcn/vaeuum  flashover  surface.  The  Pockels  or 
Kerr  electro-optic  effects  at*  ;h«r«for<  used  co 
infer  eh*  electric  field*  along  eh*  flashover  suc- 
!tei. 

the  Pocket*  effect  la  characterized  by  eh*  face 
ehae  linearly  polarized  lighe  components  polarixed 
In  directions  parallel  ami  perpendicular  co  eh* 
applied  inter-electrode  fl«l<i,  crav*l  ehrough  eh* 
KB?  cryacal  wleh  different  phaa*  v«lociei*a.  Th« 
phaa*  velocity  differtne*  lx  proporcional  co  eh* 
applied  «l*ccrlc  field  auch  ehae  orthogonal  lighe 
coapon*nca,  afe*r  paxalng  ehrough  eh*  transparent 
KBP  inaulacor,  ar«  noe  In  phaa*.  7h«  magnitude  of 
eh*  phase  introduced  la  glv*n  by 

i  - 

X 

'■’here  r6Jn ..  la  an  «l«cero-opclc  conaeanc  a*aaur*d 
ea  eo  b«  3.3  x  10  (*’**),  L  la  eh*  paeh  l«ngch 

ehrough  eh*  KBP,  E  is  eh*  applied  field,  and  X  la 
eh*  probing  lighe  wavelength/  Th«r«for*,  eh*  phaa* 
diff«r«nc*  b*tu«an  eh*  orthogonal  probing  light 
eoaponenc*  la  lndlcariv*  of  eh*  «l*cerlc  field  In 
eh*  KBP  or,  specifically,  fields  ac  eh*  vacuua/XSP 
interface.  The  phaa*  difference  o  can  bo  seasurad 
very  accurately  using  a  polarization  analyz*r,co 
be  d*acrlb«d. 

The  Kerr  offece  can  slallarly  b*  ua*d  to  aeaaur* 
inc*cfacial  fields.  Orthogonal  polar lea cion  coa- 
ponenea  of  probing  lighe  crav«lling  ehrough  eh* 
nitrobenzene,  near  eh*  nvlon  aurfac*,  also  exper- 
lone*  a  relative  phase  shift.  The  asoune  of  eh* 
pease  xhlfc  lx  given  by 

J  •  2*KLEJ, 

■-■here  K  Is  esc  Kerr  coefficient  of  eh*  nicroben- 
cene  iK  *  325  x  10  ^  (akx)).  Measureatne  of 

>,  therefore,  yields  data  regarding  the  electric 
fields  at  the  nierobenzene/nylon  Interface. 

The  phase  shift  S  is  aeasured  using  the  polar¬ 
ization  analyzer  shown  In  Figure  2.  The  analyzer 
consists  of  the  various  beau  splitters  and  alrrors 
shown,  two  orthogonally  oriented  polarizers,  and 
a  haif  wave  place.  The  analyzer  produces  a  finite 
fringe  interference  pattern  indicative  of  j. 


Figure  2.  Polarisation  Analyser. 

The  operation  of  eh*  interferometer  lx  described 
In  detail  la  Reference  9,  howevtr,  a,  brief  descrip¬ 
tion  is  presented  in  eh*  following  discussion. 
Linearly  polarised  light  is  passed  through  eh* 
test  cell.  Orthogonal  polarisation  components 
E(|  and  Et  ,  polarised  petrllel  and  perpendicular 
co  ch*  applied  electric  field,  r*sp«ceively, 
emerge  from  eh*  c«ac  c«ll  out  of  phaa*  by  an 
amount,  },  as  shown  in  Figure  2.  Light  entering 
eh*  analyser  is  divided  using  ch*  b«am  spliee«r. 
Linear  polarizers  are  positioned  co  pass  only 
E„  in  ona  path,  and  Et  in  ch*  ocher  path  of  ch* 
analyser,  a  half  uava  place  in  on*  paeh  is  usad  co 
Chang*  ch*  polarixaclon  direction  of  E„  so  chxe 
E )(  and  E^ar*  no  longer  orthogonal  (orthogonal 
lighe  beams  will  noe  interfere).  The  light  beans 
having  polarization  component!  E„  and  E^r*  Chen 
recombined  using  a  beam  splitter.  The  result  is  a 
finite  fringe  interference  pattern  indicative  of  ch* 
phase  difference  between  ch*  two  Interfering  betas. 

Representations  of  typical  incerferograns  ob¬ 
tained  using  eh*  analycar  are  shown  in  Figure  3. 
Figures  3(a)  and  (b)  show  ch*  interference  pattern 
obtained  using  the  Kerr  effect  test  cell.  The  in¬ 
terference  fringes  for  no  applied  field  or  for  a 
spatially  unifora  field  arc  shown  in  3(a).  It  can 
be  shown  chac  a  spatially  non-unifora  electric  field 
will  produce  a  fringe  paccern  siailar  co  chac  shown 
in  3(b).  It  can  further  be  shown  chac  the  sag.  i- 
eude  of  che  fringe  displacement  is  given  by 


Electrode  and  interface  insulator  shadow 


(a)  Kerr  Effect  Fringes,  <b)  Karr  effect  Fringes, 
Uaiiora  Fit  Id  Non-uniform  Field 


Fijura  3.  Representation  of  Typical  Inctrferogram. 
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Fifura  4.  Slit  Interferogram  Strsaked  in  Tina. 
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where  4y  it  cha  aaounc  of  fringe  banding  observed 
and  6y  la  cha  undaviacad  background  fringe  apacing.8 

A  similar  lncarfarograa  la  produced  ualng  cha 
Pockals  rate  call.  A  repreaenracion  la  shown  in 
Figure  3(c)  for  a  non-unifora  alaccric  field  near 
cha  XOP/vacuua  lncarfaca.  Ic  can  be  ahown  chat  cha 
fringe  banding  ia  relaced  co  cha  lncerfaclal  fiald 


The  poaiclon  and  banding  of  cha  flnica  fringaa 
produced  by  cha  analyzer  can,  charafora,  be  ua ad 
co  deceralne  cha  special  dlacrlbuclon  of  cha  eiec- 
cric  field  near  cha  vacuus  incerfaces.  Teaporal 
daca  can  alao  be  obcained  by  poslcioning  a  alic  ac 
cha  lncarfaca  being  axasinad  and  screaking  cha 
fringe  paccern  vich  an  isage  convarcar  camera. 

This  cechnique  la  sussarizad  in  Figure  4.  The 
specific  ralacionshlps  becueen  cha  observed  fringe 
bending  and  Che  special  and  ceaporal  variation  of 
the  fields  co  be  aessured  are  given  by 

E(y,c)  ■  r  dyfy-c)-^ 

L  «yKL  _i 

for  the  Kerr  effect  and  by 


for  che  Fockels  efface,  where  y  la  a  poaiclon  co¬ 
ordinate  along  che  alic  ar.d  c  is  else. 

The  cosponanca  nacaaaary  for  che  eleccrc- 
opclcal  lncerfaclal  fiald  measurement*  conaisc  of 
cha  KDF  cast  call,  cha  nicrobenxene  caac  call,  and 
cha  polarisation  analyser  together  with  a  high  vol¬ 
tage  pulse  generator,  probing  laser,  and  an  image 
converter  camera. 

The  KDP  caac  call  consists  of  a  1  cn  x  1  cm  x 

5  cm,  45*,  Z-euc  KDF  crystal  held  between  two  alum¬ 
inum  alaccrodes.  The  entrance  and  exit  apertures 
of  the  crystal  are  polished  to  X/4  flatness.  All 
other  crystal  sides  are  polished  co  be  transparent  * 
only.  The  nitrobenzene  case  cell  consists  of  evo 
electrodes  separated  by  a  nylon  insulator  measur¬ 
ing  IV*  X  v  X  1  cm.  The  nylon  insulator  is  hol¬ 
low,  having  a  wall  thickness  of  1/16".  The  nylon 
insulator  ends  are  inserted  into  0-ring  grooves 
and  the  interior  volume  evacuated. 

The  arrangement  necessary  for  tesc  cell  ex¬ 
citation  and  optical  diagnostics  is  shown  in 
Figure  3.  The  arrangement  consists  of  an  FX-15 
coaxial  line  pulse  generator,  a  pulsed  ruby  laser, 
che  test  cell,  che  analyzer,  and  an  image  converter 
camera.  The  FX-15  power  supply  provides  the  vol¬ 
tage  pulse  co  che  tesc  cell.  The  ruby  laser  is 
used  to  probe  che  test  cell  and,  additionally, 
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so  trigger  the  FX-15.  User  triggering  of  ch« 
FX-IJ  is  necessary  to  rsducs  timing  problema.  The 
triggering  technique  shown  uses  the  same  ruby 
laser  to  initiate  and  observe  ch«  flashover.  The 
0  switch  Jitter  of  ch«  laser  is,  therefore,  un¬ 
important.  The  system  Jitter  irliu  due  co  var¬ 
iations  In  th*  FX-15  gas  gap  brsakdovn  delay. 

This  uncertainty  Is  presently  on  the  order  of  a 
feu  nanosecond*.  3och  optical  and  alaccrlcai  da- 
lay  line*  art  utilised  to  syr.chconlxt  cht  diagnos¬ 
tic  image  converter  camera  and  fast  acopta  which 
arc  uatd  for  voltagt  and  currtn:  measurements. 


Figurt  5.  Taac  Call  Excitation  and  Diagnostic 
Arrangement. 


intarfaclal  field  behavior  for  both  non-flashovtr 
and  flaahovar  condition*.  Figure  6  ahow*  a  Una 
raprtaencaclon  of  an  lncarftrtnca  pattatn  indie  a  - 
eiva  of  tha  field  distribution  for  no  flaahovar. 
The  fringe  displacement  is  seen  to  increase  and 
temporally  follow  the  excitation  field.  The  num¬ 
bers  In  parenthesis  indicate  the  total  magnitude 
of  the  fringe  shift  at  the  peaks  shown.  The  mag¬ 
nitude  of  the  fringe  shift  (and  hence  the  electric 
field)  at  the  cathode  is  seen  to  be  greater  than 
the  fringe  shift  at  the  anode.  Additionally  the 
peak  fringe  displacement  is  reached  at  the  cathode 
at  a  later  time  than  at  the  anode. 

The  spatial  variation  of  the  incerelectrode 
field  calculated  at  times  and  t,  of  Figure  6, 
is  shown  in  Figure  7.  Times  t^  and  t,  correspond 
to  the  peak  fringe  displacement  at  the  anode  and 
the  cathode  respectively.  This  figure  shows  that 
at  both  tlmee  the  cathode  field  Is  larger  chan  the 
anode  field.  Thla  observed  cathode  field  enhance¬ 
ment  la  conalacenc  with  the  theory  of  positive 
charging  of  the  interface. 

Further  analysis  of  the  interferometric  data  of 
Figure  6  can  be  performed.  Superimposed  on  the 
observed  fringe  pattern  is  another  fringe  pattern 


Experimental  Results 

The  electro-optical  measurement  technique  and 
the  experimental  arrangement  described  have  been 
used  to  measure  the  electric  field  distribution 
along  90'  KDP/vacuun  interfaces,  90®  nitrobenzene/ 
nvlcn/ vacuum  interfaces,  and  *  45®  nitrobenztne/ 
nvlcn/vacuua  interfaces.  This  section  will  pre¬ 
sent  data  obtained  for  these  test  cell  configura¬ 
tions. 

>’  KDP/Vaeuua  Results.  The  KDP  test  cell  was  used 
to  determine  the  temporal  and  spatial  behavior  of 
the  intergap  electric  fields  along  a  KDP  solid 
crystal/vacuua  interface.  Results  will  be  shown 
for  excitation  levels  and  durations  where  no  flash¬ 
ier  jeeurred  and  where  flashover  did  occur. 

The  voltage  hold-off  capability  at'  the  90® 
vacuum/ solid  interface  was  unpredictable.  This  is 
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in  agreement  with  the  data  obtained  by  Anderson." 
However,  data  could  be  selected  to  illustrate  the 


Figure  6.  Representation  of  Streak  Camera  Photo¬ 
graph. 
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Figure  7.  Surface  Fields  for  EOr/Vaeuux 
Interface. 


Sltrobenrana/Svlon  MuiUs.  The  nitrobenzene 
case  call  and  the  optical  neasureoanc  described 
have  alto  been  used  to  determine  nitrobenzene/ 
nylon  lncarfacial  fialda.  Data  Sava  beer,  obtained 
for  90*  insulator  surfacas  and  4J*  surfacaa. 

Tha  fialda  in  tha  nitrobenzene,  saparatad  fror. 
tha  vacuua  field  by  1/16  loch,  art  attuned  to  be 
indicative  of  tha  vacuus  fields.  So  atcaopc  hat 
bean  made  co  data  to  actually  calculate  tha  vacuus 
fields  in  tans  of  tha  nitrobanzana  fields 
0*  Xltrebanrana/ltvlon  Results.  Xntarfacial  fields 
have  bean  InterferoMtrically  Matured.  A  lint 
representation  of  a  typical  lncarferogras  it  shown 
in  Figure  |,  Tha  indicted  behavior  includes: 

(1)  attainment  of  larger  fringe  shifts  and  hence 
higher  electric  fields  near  the  cathode:  (2)  a 


shown  in  dotted  lines.  Tha  dotted  fringes  cor¬ 
respond  to  no  surface  charging.  Tha  position  of 
chase  fringes  is  determined  by  using  tha  bow 
temporal  waveform  of  the  excitation  voltage  and 
tha  known  magnitude  of  tha  test  cell  Fockals  af¬ 
fect.  Tha  figure  shows  that  tha  observed  fringes 
depart  from  the  fringes  for  no  surface  charging. 

The  separation  occurs  first  at  the  cathode  and 
later  ac  the  anode.  The  tine  difference  is  seen 
from  Figure  g  to  be  approximately  1.14  ns.  These 
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data  can  be  interpreted  to  imply  chat  surface 
charging  begins  first  ac  the  cathode  and  that  the 
surface  charging  propagates  in  1.14  ns  co  the 
anode  located  1  cm  away.  This  corresponds  to  a 
surface  charging  avalanche  velocity  of  .8$  cm/ns. 

Interferograas  have  also  been  obtained  for  ex¬ 
citations  which  resulted  in  flashover.  The  fringes 
again  follow  cha  excitation  voltage  until  flashover 
occurs.  Surface  flashover  is  observed  co  begin 
ac  the  anode  and  propagace  cowards  the  cathode. 

The  observed  time  difference  has  been  observed  co 
be  .4  ns,  corresponding  co  a  flashover  propagation 
speed  of  2.S  cm/ns.  This  delay  is  noc  observed 
consistently.  It  has  also  bees  observed  that  the 
flashover  occurs  simultaneously  in  the  intergap 
region.  This  apparent  simultaneous  flashover 
behavior  cannoc  be  furcher  resolved  with  the  fast¬ 
est  screak  unit  available  for  this  experiment, 

2.5  sa/ns. 


Figure  8.  Representation  of  Screak  Camera 
Picture  for  Nitrobenzene/Nylon/ 

Vacuum  Incerferogram. 

rapid  aacrease  in  the  field  enhancement  near  the 
cathode;  and  (3)  additional  decrease  in  the  field 
values  so  another  plateau  value;  (4)  slnultaneous 
lncergap  field  collapse  ac  flashover;  and  (5)  intar- 
gap  field  modification  beginning  ac  Che  cachode  and 
propagating  co  the  anode. 
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Tr.«  flaahover  i*  observed  so  propagate  from  anode  * 
so  cathode  (1  cm)  la  1.2  ne,  corresponding  to  a 
velocity  of  .63  e=/n*. 

Summary 

Electro-optical  measurement*  have  been  sad*  and 
fcavt  determined  the  temporal  and  spatial  distribu¬ 
te"  of  nanosecond  electric  fields  along  vacuum/ 
*olld  interfaces.  The  results  indicate  that  cathode 
fiold  enhancement  and  cathode  Initiated  flathover 
at*  important  for  8*  lnaulator  surfaces.  The  data 
have  determined  several  performance  featurea  for  0* 
aurfacea  vhlch  have  not  been  obaetvad  prior  to  thia 
vsrk.  The  featurea  Include  (1)  cathode  field  en¬ 
hancement  ;  (2)  the  cathode  field  enhancement  occura 
flrat  at  the  cathode  (a  field  enhancement  propaga¬ 
tion  velocity  hae  been  calculated);  (3)  the  inter- 
gap  field  enhancement  la  reduced  in  two  at ape.  The 
flrat  atep  la  alover  than  the  aecond.  The  aecond 
reduction  eaaentlally  reducaa  the  lntergaf  fielda 
to  the  uncharged  lnaulator  aurface  valuea.  The 
velocity  of  propagation  of  thla  effect  haa  been 
measured;  (4)  yiaahover  moat  often  beglna  aimul- 
taneoualy  between  electrodea.  However,  anode 
initiated  flaahovera  have  been  obeerved.  The  ve¬ 
locity  of  the  anode  initiated  flaahover  field 
collapee  haa  been  Matured. 

Heaulta  obtained  for  45*  lnaulator  aurfacea  are 
preetnely  inconcluaive  and  ahould  be  conaldered  pre¬ 
liminary.  The  reaulta  do  ahow,  however:  (1)  fielda 
near  the  vacuum  43*  angle  are  enhanced,  probably 
becauae  of  the  peraltlvlty  mismatch  reaultlng  'from 
the  electro-optic  fluid;  and  (2)  Flaahover  haa 
been  obaerved  to  occur  flrat  at  the  anode  for  neg¬ 
ative  45*  aurfacea  and  propagate  towarda  the  cath¬ 
ode  at  a  velocity  of  .83  ca/na. 
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An  aiwyjved  sethvi  Vj.  nudyint  electrical  break¬ 
down  us  Cnwlnt  sa  sperk  ->c  la  described. 

Th*  apparatus  ant  data  processes;  j  a\d  tha  elm* 

:o  breakdown,  current,  resisunce,  ,'o«ar  dissipa¬ 
tion  and  energy  loa*  In  tha  spark  |ap  during  the 
4  nS  In  which  cha  current  rites  from  saw  co  a 
r.aa.'  conacanc  value.  A  specially  constructed 
transniaslon  line  earalnatad  la  A  ss.rrk  jr?  and 
instrumented  with  a  B  probe  and  *ai?U&t  oscil¬ 
loscope  la  used  co  observe  the  breakdown.  The 
Initial  chart*  on  the  transmission  line  and  the 
current,  obtained  by  lnc*|ratln|  the  B  signal, 
provide  the  Information  needed  co  define  the  spark 
jap  operation  In  a  well  characterised  coaxial 


arrangement.  With  a  temporal  resolution  W.:a; 
than  SO  pS,  current  components  with  frequencl.ta 
co  10  QU  could  be  neceured.  An  eleecro-.lc  cir¬ 
cuit  held  the  tap  breakdown  volute  and  the  sub¬ 
sequent  chart*  in  the  transmission  line  to  precise, 
predetermined  values.  A  computer  based  data  re¬ 
duction  system  determined  the  current  waveform 
from  data  corrected  for  the  frequency  response  of 
the  sl|nal  delay  line.  Results  sre  |lv*n  for 
arfon  sod  nitrogen,  each  at  two  overvoltages. 

Introduction 

This  work  Is  part  of  a  parametric  study  of  small 
tap  breakdown  aa  affected  by  taa  species,  pressure, 
tap  length,  percent  overvoltage  and  electrode^ 


MAXIMA!  COOt: 


US 


a*carlal  started  laac  year  and  vaa  prompted  by  the 
United  and  uncorrelated  data  available.  SwU 
gap*  (>  2.3  as)  with  hl|h  C  fields  (>  2  x  10s  V/cs) 
differ  significantly  free  larger  gap*  in  the  can 
of  curran:  ri*«l.  Soranaan  and  Ride'  provided 
:b«  starting  point  vlch  chair  concept  of  a  rep¬ 
etitively  charged  cranaaiealon  Una  spark  gap  co 
study  vary  faac  crrnslsdons.  The  wsvefora  of  the 
Curran:  In  the  gap  ha*  XaaMdlact  engineering 
applleacion  and  alao  provide*  cluoa  co  cha  sech- 
anlaaa  occuring  during  breakdown. 


Transslaslon  Lina  Spark  Can 

The  rapid  braakdovn  of  aaall  gap*  praaentc  a  pro- 
bias  la  ilsulcaoeoutly  saaaurlng  voltage  and  cur¬ 
rant  with  sufficient  casporal  resolution.  By  ualag 
cha  coaxial  transslaslon  Una  apark  gap  with  a 
known  Zq,  Figure  1,  only  cht  :1m  dependent  currant 
auat  be  saaaurad. 

The  cranaslaalon  line  vaa  conacruccad  from  a  (0  cs 
long  copper  pip*  vlch  a  2  cs  I.D.  and  a  allvar 


placed  bra**  rod  1.2?  cs  In  diasacar.  The  allvar 
placing  reduced  lino  lo****  a:  sicrovav*  frequencies 
.Haaaurasenca  of  cha  Una  gave  a  relative  dielectric 
conacant  of  £.16  and  a  characteristic  lspe dance 
of  12.0  ohsa.  TM*  lov  lapedance  allova  high  gap 
curranca  for  raaolutfoc  of  lov  gap  raaiaeanca. 
the  diaalpadon  factor  of  cha  dialaccrlc  la 
<0.0001.  A  S  probe  placed  10  cs  fros  the  apark 
gap  sonitortd  cha  currant  changa*  in  the  crana¬ 
slaalon  Una.  This  probe  vaa  fashioned  fros  S3 
nil  easi-rigid  cable  by  using  the  flattened  center 
conductor  to  fora  a  1  ss  loop.  The  probe  self 
inductance  with  a  30  oha  ayates  gave  rlaetla*  of 
<  23  pa. 

Elkonlce  (10W3),  an  alloy  of  70S  V  and  302  Cu. 
sa chined  to  an  approxlsate  Xogoweki  countour,  vat 
used  to  sake  the  aleccrodaa  bacauae  of  lea  excellent 
wear  characteristics.  Cat  flowed  across  the  gap 
a:  a  rate  of  1  llcer/aunute  (to  ATX) .  The  gas 
baffle  Is  Figure  1  surround*  the  gap  and  forces  an 
even  distribution  of  gat  across  the  gap  width  as 
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well  4t  preserving  the  1  ine  Z«  icnii  chU  region. 
The  flow  ram  was  chosen  so  that  K  lease  2  changes 
of  $a«  cook  place  between  «ki.  The  area  than 
occurred  la  a  gas  relatively  'n<  from  residue 
and  vara  highly  repea table.  The  ad Jus cable 
electrode  vhleh  allow*  gap  lira  up  to  0.3  mm  la 
electrically  aharrad  to  che  outer  shell  through 
a  sliver  foil  sliding  contact  placed  laae  than 
1  mm  fro*  the  spark  gap  (Figure  l).  The  length 
of  this  abort  circuit  thua  la  laaa  than  1/3  of 
a  wavelength  at  10  CXx. 

Charrint  Circuit 

The  sampling  technique*  to  monitor  the  I  signal 
require  that  the  line  ha  charged  to  precisely  the 
Sana  voltage  each  tin*  lor  minimum  amplitude 
Jitter.  The  high  voltage  pulse  generator  and  the 
electronic  voltage  clasping  circuit  shown  In 
Figure  2  held  voltage  variations  to  lass  than 
1.32.  The  rlseclme  o £  the  charging  pulse  suet  be 
last  enough  to  prevent  the  gap  Iron  breaking  down 
before  the  clasp  voltage  le  reached.  Cenerally, 
risetlaes  of  about  1  microsecond  are  satisfactory, 
but  when  gap  overvoltages  greater  thin  230-300X 
are  used,  lastar  charging  pulsee  are  needed.  A 
digital  voltmeter  so  niton  the  clasp  voltage  and 
a  specially  built,  pulse  compensated  voltage  probe 
ulch  a  oscilloscope  records  the  charging  pulse 
waveform.  Tills  also  gives  e  measure  ol  the  rise 
between  application  ol  voltage  and  breakdown  to 
allow  a  ataclscical  analysis  of  the  time  to  break¬ 
down. 

Procedure 

The  spark  gap  and  transmission  line  were  charac¬ 
terized  by  determining  the  gap  capacitance,  the 
characteristic  impedance  (Z0)  of  the  line  and  the 
mutual  impedance  of  the  line  and  3  probe.  The  gap 
capacitance  is  in  parallel  vlch  the  line  and  the 
line  capacitance  adds  with  that  of  the  gap. 

In  order  to  determine  Z0,  the  velocity  of  propaga¬ 
tion  was  measured  with  an  Ikor  pulse  generator  and 
two  Tektronix  sampling  heads.  Four  points  along 
the  transmission  line  were  accessible  and  ve.re 
paired  lor  three  measurements.  Time  domain  re- 
llectrosecr/  was  also  used.  The  mean  of  these 
measurements  gave  a  value  of  AST  the  velocity  of 


light  with  a  standard  deviation  of  less  then  45 
for  a  20  of  12.0  ohss.  The  i  probe  com  teat  wee 
determined  fros  measurements  with  argon  at  30  pels 
and  a  30  micrometer  gap  while  assisting  a  low  gap 
resistance  when  the  dl/dt*  0. 

Ces  species,  pressure,  flow  race  and  gap  length 
are  selected  and  the  static  breakdown  voltage 
ssesured.  The  clasp  voltage  la  aet  based  on  a 
percent  overvoltage  of  the  static  breakdown  voltage. 
The  pulse  generator  voltage  is  set  approxlsmcely 
SOX  above  the  clasp  voltage  to  enaure  a  fast 
charging  pulse  rlsetise.  fulee  repetition  rates 
of  33  to  100  Xa  were  selected  as  needad  to  produce 
stable  oscilloscope  traces.  The  eystea  is  ran 
several  minutes  to  condition  the  electrodes  before 
the  charging  voltage  and  the  3  signal  ere  re¬ 
corded.  Mien  gee  species  is  changed,  the  gap  is 
dlsseesesblad,  cleaned,  and  the  electrodes  polished 
and  flushed  with  tha  sew  gaa.  The  gap  naaaure- 
sents  stabllxe  after  2-3  minutes  of  operation. 
Significant  electrode  erosion  or  coating  have  not 
been  noted  during  runs  with  argon  and  nltrogsn. 

Data  Seduction 

The  seapllng  oscilloscope  aeeaurlng  the  >  signal 
drives  an  X-T  plotter  to  record  the  date.  These 
waveform*  era  digitised  and  stored  la  a  computer. 
The  computer  smoothes  the  data,  reconstructs  the 
signal  at  the  input  to  the  delay  line,  solves  tha 
circuit  aquations  for  the  gap  resistance,  power 
dlasepeted  and  energy  lose,  and  plots  these  as  a 
function  of  tla*.  The  delay  line,  which  sets  as 
a  time  invariant  low  pass  filter,  distorts  the 
signal.  The  computer  program  finds  the  Fourier 
transform  of  the  signal,  multiplies  it  by  the  in¬ 
verse  Fourier  transform.  The  current  in  the  trans¬ 
mission  line  is  simply  1(c)  •  r-/vg(c)  dc,  where 

e 

73(c)  Is  the  B  signal  and  k  is  che  mutual  induct¬ 
ance  between  che  B  probe  and  che  transmission  line. 
The  time  varying  resistance  of  che  gap  is  given- 
by 

-V0k  +  ZoI(r.)/it 

3(c) - . 

-I(c)/k  +  ZoCug(c) 

Where  70  is  che  breakdown  voltage, 

C  is  che  gap  capacitance  and  ic  can  be 
seen,  chac  as  1(c)  gees  large  an  accurate  measure 


n: 


ef  i9  becone*  mci  important  far  accurate  ;e*ulc*» 
Tower  and  energy  at*  directly  available  frats  the 
current  and  r«*l*taac*. 

Result  t 

The  else  dependence  of  gap  reaistance  and  in*tan- 
taneou*  pave;  for  argon  at  two  E/p  ratio*  i* 

*hovn  In  Figure*  3-4.  For  coa?ari*on,  the  tia* 
function*  of  ln*t*ntan*ou*  gap  power  for  nitrogen 
at  two  Ilf  ratio*  la  given  In  Figure*  7  and  S. 

Table  1  Is  a  avatar?  of  *o»e  of  the  paraaeter* 
for  the  four  run*.  The  gap  realttance  curve*  fit 
the  relatlonthlp 

J5(t>  **  at“* 

with  a  anl  a  Hated  In  the  table. 

The  very  high  electric  field  in  the  gap  make*  it 
operate  In  an  unu*ual  reglae.  After  the  electrode* 
are  conditioned,  with  electric  field*  greater 
than  10*  V/a,  cau*e  it*  exploiter,  of  cathode 
slerotlp**'  and  create  runaway  electron*  froa 
the  avalanche  chat  generate  X-ray**.  Thu*  in 
chi*  regia*,  breakdown  1*  very  rapid  and  doe*  not 
follow  breakdown  In  gap*  with  lower  field*5.  An 
exaaple  of  thl*  can  be  *een  la  Figure*  3  and  4, 
where  at  con* cant  pd  the  rat*  of  gap  ;e*l*tane** 
fall  increate*  when  the  charge  voltage  decree***. 
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R.  J.  Crualey,  ?.  t.  Willises,  X.  A.  Cundersen  and  A.  Watson 


Dept.  Eltct.  Eng. ,  Tuu  Tech  I'niv. 
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Abstract 


The  results  o f  exp^r inencs  designed  to  Measure 
electron  densities  .':m  Maummci  of  Surk 
broadened  spectral  profiles  is  laser-triggered 
discharge*  to  hydrogen  are  reported.  Tenporally 
and  spatially  itaolvad  data  Hava  been  obtain ad 
both  during  and  aftar  ch«  arc  for  dlacHargaa  In 
hydrogan.  Evidanca  of  a  shockwave  la  presented, 
consistent  with  tba  obaarvaciona  of  other 
Invaatifatort. 

Introduction 

Laser-triggered  spark  gapa  offar  a  n*«bar  of 
iaporcanc  advantagaa  in  applicaciona  requiring 
awitching  of  Mgh  voltage  at  High  curraeta  with 
low  Jitter  in  the  switch  cloaura  tine.  In  aueh 
gapa  the  triggering  Xaaar  la  focussed  onto  o«a 
electrode,  uaually  entering  the  gap  through  a 
•nail  hole  in  the  oppoaite  electrode  and  paaaing 
along  the  gap  axis.  Evan  chough  the  gap  voltage 
la  held  at  a  value  significantly  below  the  atatic 
breakdown  value,  the  laaer  inducea  the  gap  to 
braak  down  coaplately  aftar  only  a  abort  delay. 
Study  of  the  basic  processes  responsible  for  the 
breakdown  phenomena  are  of  considerable  interest, 
not  only  because  of  the  direct  practical  value  of 
such  studies,  but  also  because  of  the  critical 
role  apcce  charge-induced  fields  sust  play  in  the 
initial  breakdown. 

W«  report  the  results  of  acudlas  undertaken  to 
determine  the  electron  density  in  a  laser- 
triggered  hydrogen  arc.  Electron  densities  wars 
determined  from  the  aeasured  full  widths  of  the 


Stark-broadened  atonic  linewidth  using  the 
relation* 

\  •  c(s4,t>  SS3/2 

where  Xf  ic  the  electron  density,  AS  is  the  full 
Stark  width,  and  CO^.T)  it  a  coefficient  weakly 
dependent  upon  X#  and  tanperature.  Tine-resolved 
data  have  been  obtained  both  during  and  aftar  the 
arc  for  discharges  in  hydrogen,  and  opeclally- 
rasolved  data  havt  been  obtained  for  tinea 
corresponding  to  the  beginning  and  end  cf  the  are. 

The  experimental  arrsaganent  la  shown  in  figure  1, 
and  consists  of  a  spark  gap  enclosed  in  a  call 
which  is  evacuated  and  then  backfilled  to  the 
desired  pressure  with  hydrogen.  The  alunlnun 
electrodes  have  a  constant  flald  profile,  and  a 
voltage  Isas  chan  the  static  breakdown  voltage  is 
inpresaed  across  then  using  a  coaxial  cable 
syatan,  charged  through  a  larga  resistor  by  a 
regulated  power  supply.  The  length  of  the  cable 
is  such  chat,  when  the  load  is  properly  aacched  to 
the  transnistior.  line,  laser-triggering  of  the  gap 
results  in  a  clean  currant  pulse  of  about  1  usee, 
duration.  A  nitrogen  laser  pulse,  ■  5  aj.  in 
10  nsec.,  enters  the  gap  axially  through  a  2  ns. 
hols  in  one  electrode  and  i;<  focussed  onto  the 
other  electrode,  triggering  the  gap.  Tha  eslsslon 
iron  tha  discharge  exits  the  cell  through  a 
window  transverse  to  tha  gap  axis,  and  is 
spectrally-dispersed  with  a  0.5  a.  spectrograph. 

An  optical  aultlchanncl  analyzer  is  used  to  detect 


eh*  lithe  am!  a  jpacerum  covering  a  rant*  of  'CO  I 
U  obcained  In  a  single  (hoc  vleh  good  aenslcivlcy. 
Tin*  raaolucion  :o  SO  r.aac.  ia  obcained  by  taring 
eh*  dececcor.  Eleceron  denticles  ar*  chan 
dataninad  iron  eha  Seark  broadanad  linevldchs 
(usually  eha  Hj  Una). 


fairly  rapidly  to  a  Marly  constant  value.  After 
eha  are  ia  extinguished,  eha  daaaicy  dacayf 
rapidly  vleh  an  apparently  tiapla  axponanclal 
ci*«  dapandanc*  having  a  da*  conacanc  of  300  r.aac. 


0.5  1.0  1.5  2.0  2.5 


Tina  (usee) 

Elf.  2.  Tanporally-raaolvad  alaccron 
danalciaa  obaarvad  through 
canctr  of  diachar|«. 


Fig.  1.  Experimental  Arrangnaanc 


leaults 

Two  sacs  of  daca  arc  diacuaaad  har*.  Tha  firac 
aa:  measure*  che  alaccron  density,  averaged 
CC.nugh  eh*  eincar  of  eha  are.  for  times  through¬ 
out  eha  life  of  eha  arc  and  lneo  eh*  afterglow. 

The  eacond  aac  of  daca  ahovs  eha  radial  variacion 
of  eha  alaccecn  density,  ac  two  sac  cists. 

The  temporally  resolved  daca  (F ig.  2)  indicate* 
that  in  eha  are  phase  a  laser-crl|s*r«d  discharge 
in  an  jr.dar-volcad  pap  is  sisllar  co  a 
conventionally-induced  discharge  in  an  ovar-volcad 
gap.  The  alaccron  density  is  maximum  ac  eh*  cia* 
wn an  cr.e  arc  bridges  che  gap,  causing  eha 
con? late  collapse  of  che  gap  volcage,  and  decays 


Spacially-rasolved  daca  were  obcained  by  caking 
several  spacers  across  eha  dianaear  of  eh* 
discharge  and  oerforalng  an  Abel  inversion,  which 
axcraces  eha  radial  dependence  iron  eha  lacerallv- 
obsarved  raw  daca.  Eadlally-resolvtd  daca  vara 
obcained  ac  two  tiara  corresponding  co  eha 
baginning  and  and  of  eha  arc,  and  ar*  shown  in 
figures  3  and  i.  Tha  rasulcs  of  chase  measurements 
indicie*  ehac  eha  alaccron  dansicy  ac  eha  cancer 
of  eh*  arc  corresponds  co  chac  of  eh*  ctmporally- 
rasolvad  measurements,  and  falls  off  saoochly 
from  those  values  co  »  point  corresponding  to  che 
radius  of  luminosity.  Ac  the  outer  adgas  of  che 
discharge  an  increase  of  alaccron  dansicy  occurs. 

V*  believe  this  behavior  to  be  evidence  of  a 
shockwave  expanding  radially  frea  che  discharge. 

In  conventional,  over-voiced  gaps,  shockwaves  have 


121 


been  predicted  by  3ra|in*kli,'  and  have  been  seen 
bv  Koppitt^  usin$  a  Schlleten  technique.  Th« 
characteristic*  o i  the  increase  In  electron 
density  seen  her*  *r ft  consistent  vlth  the  results 
o i  Soppier.' 
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Fig.  4.  Radially-resolved  electron 
density  ac  end  o.J  arc. 
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ABSTRACT 

This  paper  describes  the  research  on  eleccrical 
breakdown  in  water  currently  being  pursued  ac 
NSWC/DL.  The  experimental  apparatus  Is  described 
in  sons  detail.  3a sulci  of  over  S00  testa  are  pre¬ 
sented.  Breakdown  events  were  observed  predomi¬ 
nantly  in  the  2-10  microsecond  time  domain  for 
applied  electrical  fields  in  the  range  200-500  KV/ 
cm.  The  wide  scatter  of  the  breakdown  time  which 
is  Intrinsic  to  the  phenomena  requires  a  careful 
examination  of  the  statistics  of  the  data. 


Background 

Water,  because  of  its  high  dielectric  constant, 
ielf-repalrabllicy,  cheapness  and  ease  of  handling 
is  finding  increasing  use  as  die  intermediate 
energy  store  in  pulse  power  devices.  Large  mach¬ 
ines,  which  arc  high  energy  a*  well  aa  high  power 
devices  can  be  expected  to  have  the  wacer  capacitor 
charged  in  the  aulci-aicrosecond  regime.  The  water 
rust  not  suffer  electrical  breakdown  during  thia 
charging  cine.  These  considerations  have  led  the 
pulsed  power  group  ac  S'SVC/DL  to  actively  pursue 
research  on  this  topic.  The  goals  of  the  efforc 
ara  to  provide  empirical  performance  comparisons 
in  order  to  establish  design-trade  off  rationale, 
and  provide  experimental  evidence  to  tesc  various 
theories  of  breakdown. 

In  the  regime  to  be  reported  on  in  this  paper,  the 
process  of  electrical  breakdown  has  wide  (apparently) 
statistical  variation.  To  measure  these  incrinaic 
variations  requires  large  numbers  of  tests  and  good 
control  an  all  process  variables.  These  consider¬ 


ations  have  formed  the  rationale'  of  the  experi¬ 
mental  approach. 

Acoaratue 

The  ceac  apparatus  built  ac  NSWC/DL  explicitly  for 
wacer  breakdown  research  conelscs  of  three  compo¬ 
nent  (refer  to  Fig. (1)X  A  water  conditioning 
eyaernm,  an  eleccrical  system,  and  the  ceec  cell. 


The  water  conditioning  system  was  designed  to  pro¬ 
vide  wacer  which  could  be  well  characterised.  It 
conaista  of  (a)  a  pump  of  >  4  C?M  capacity,  (b)  a 
mixed  bed  dtloaixer,  (c)  a  daaeracion  column,  (d) 
a  heac  bach  to  maintain  temperature  and  (e)  an 
ultra-violet  sterilizer  to  suppress  algae  growth. 
This  last  item  is  used  only  incermittencly  and  may 
not  be  necessary.  Resistivity  probes  measure  the 
resistivity  of  the  water  ac  the  ouclac  of  cha  de- 
ionimer  and  ac  cha  outlet  of  the  teat  cell.  Tem¬ 
perature  is  measured  by  chermiscor  probes  locsced 
ac  the  outlet  of  the  heac  bach,  ac  the  outlet  of 
the  tesc  cell  and  in  the  deaeration  column.  The 
pressure  in  the  deseracion  column  is  maintained  by 


a  vacuus  pusp,  protected  J roc.  vice  vapor  fouling 
by  a  crap  cooled  by  an  alcohol-dry  let  alurry,  the 
prcaaure  la  seaaured  by  a  aercury  nanoneter.  The 
water  la  conditioned  for  about  3  hour*  before  tear¬ 
ing,  and  continually  during  tearing.  All  told, 
about  tO  gallon*  of  treated  water  are  continually 
circulated.  It  take*  about  an  hour  to  bring  the 
realatlvlty  of  the  water  to  above  16  HT-cn  (25*C) 
iron  the  2-3  M3-cs  value  the  water  degrade*  to 
overnight.  The  realatlvlty  obtained  in  the  system 
la  at  or  near  the  ultimate  value  for  water  and 
auccea*  in  obtaining  auch  high  value*  1*  aacribad 
to  flowing  continually  above  2.5  CTO  and  to  the 
fact  that  with  the  exception  of  the  teat  electrode*, 
the  copper  coll*  of  the  heat  bach,  and  the  aaall 
area  of  the  xcainlea*  aceel  probe*,  the  water  touche* 
no  aecal  or  glaa*.  All  pipe*  and  valve*  are  hard 
?VC,  the  puap  haa  a  nitrile  iapellar  and  the  deaer¬ 
ation  colusa  1*  plexiglaa.  Deaeration  take*  longer 
chan  delonlaing,  especially  if  the  test  cell  has 
been  opened  to  air.  Ac  equilibrium  the  percent 

deaeration  la  computed  as  _  _  ... 

P  -  P»20<t) 

2  Deaeration  “  100  x  ( 1“  - -  ) 

760 

where:  p  *  pressure  in  column,  corr 

*  watar  vapor  pressure,  corr 

The  circuit  of  the  electrical  aystes  la  ahown  in 
Figure  2.  The  voltage  source  is  a  10  atage  Marx 
generator  capable  of  500  XV  saxiaua,  whoa*  erection 
tiae  1*  a  couple  of  hundred  nsec.  The  Marx  charge* 
the  water  test  cell  through  a  (000.2  copper  sulphate 
resistor.  The  voltage  also  bleeds  through  a  Marx 
internal  resistance  of  approximately  9000.  Circuit 
inductance  is  unisporcant  and  the  voltage  across 
the  water  is  closely  given  by 

V(c)  -  .71  V0  (eulE  -  eu2t) 
where  V0  »  Erected  Marx  Voltage 

-  l/ul  -  RaC0-  20  usee 

-  l/u2  -  Rc(Cv  +  C,)  -  2.0  usee 

The  voltage  is  seaaured  by  a  copper  sulphate  divi¬ 
ding  resistor,  the  current  is  seaaured  by  a 
Rogowskl  coll.  The  observed  voltage  and  current 
uaveforss  agree  with  cosputer  modeling  (which  takes 
into  account  tesperature  and  gap  size  effects)  to 
the  resolution  of  the  oscilloscope  traces.  Break¬ 


down  tiae  is  also  seaaured  by  counting  a  100  MHz 
clock  signal  gated  by  the  voltage  signal.  These 
all  are  recorded  on  a  Tektronix  Model  7844  Dual 
Seas  Oscilloscope.  Figure  3  shows  a  saaple  test 
trace. 


Fig.  2.  Electrical  Circuit 


Cm,  Marx  Capacitance  22nF 

Marx  Internal  Resistance  9002 

Lg,  Stray  Inductance  4uH 

Cg,  Stray  Capacitance  .InF 

Re,  Charge  Resistor  4KD 

Cu,  Hater  Capacitance  .4-.5nF 

Ru,  Hater  Resistance  >300X0 


Fig  3.  Saaple  Data  Trace 
Top  Curve  V(t),  1  CM  -  41.7  XV 
Bottos  Curve  i(t)  1  CM  -  20  A 
At  Breakdown  V(t)*0  and  i(t)-* 

V0exp  (-RaCaO/Rc  since  capacitor  is  shorted. 
Starting  glitch  due  to  Marx  gap  transients. 

The  test  cell  is  a  plexiglas  box  20"x20"xl4"  which 
holds  the  test  electrodes.  The  electrodes  are 
tough  pitch  electrolytic  copper  in  a  hemisphere 
(R  ■  1") -plane  configuration.  The  final  surfacing 
is  done  by  sand  blasting  with  glass  beads 
(Blascollce,  size  31-10).  This  surfacing  technique 


1*  chosen,  nos  ouc  of  any  ’’tllef  chat  ic  product* 
a  superior  surface,  buc  because  it  product*  t  uell- 
characcerized,  tttily  rttcortd  tnd  reproducible 
luriiet.  Th*  gap  spacing  1*  Matured  co  .001"  by 
a  cachecoeeter  before  tach  a  hoc. 


t roc***  Vtriabl* 


Condition 


V*c»r  Itsptraturt 
Vacer  Flow  gat* 

Vactr  Resistivity 
Fressur*  in  Tt*c  C*U 
2  Otatracion 
Electrode  Material 
Surfacing 
Scrtattd  Art* 

Cap  Spacing 


19  +2*C 

>  2.2  CFM 

>  13  Ml-ca 
1.2  paig 

>  932 

Electrolytic  Cu. 
Stndblaactd 
300  mr 
2.3-6.*  *■ 


Fig.  *.  Irttkdovn  Tia*  va  Haxiaua  Fitld  - 
Suaaary  of  Data.  Th*  dot*  arc  eh* 
txpariaancal  point*  (E^X,  t^). 


TabU  1.  Suaaary  of  Experlaencal  Condition* 

F-t  suits 

For  any  rtal  apparatus  tha  appliad  fitld  la  a 
function  of  cine,  consequently  chart  1*  a  built 
in  dtptndtnca  of  fitld  at  breakdown  co  tia*  of 
breakdown  for  any  alnglt  ctac.  Furthtr,  any  raal 
apparatus  can  only  apan  a  finite  region  of  tha 
E-e  plant.  Th*  rtglon  lnvtacigattd  in  chit  work 
is  bounded  by  the  curve*  ahown  in  Figure  4.  Alio 
displayed  in  chi*  figure  are  the  experimentally 
observed  point  pair*  (FmaX*  cb)  EmAX  1*  ch* 

naxiaua  field  experienced  btfore  breakdown  and  tb 
1*  cht  cine  at  vhich  breakdown  occurred,  aeaaurtd 
froa  onaec  of  volcage.  Th*  couchacone  of  water 
breakdown  field-cine  exp triatnc*  is  th*  rtlicion 
due  to  Martin*: 

1/n 

H  -  Ej»_v_x  (cb  -  c0)  »  constant 

Hurt,  Co  la  a  cine  parameter  uaually  defined  a* 
che  cine  when  che  applied  field  exceed*  some  given 
fracdon  of  lea  aaxlaua  value  (e.g.,  302,  632).  A 
linear  regression-  on  che  ro.ucion 

cb  “  c0  +  01/Euax)3 

yielded  froa  che  daca  che  value! 

M  ■  .562  (MV/ca)* (usee)^;  to  ■  0.53  us’ec 
This  value  of  M  is  close  co  che  value  .6  uaually 
quoted  for  ur.ifornly  scresatd  electrodes.  Th* 
value  c0  corresponds  co  che  cine  E(c)  «  0.23  EhaX- 
Tha  regression  curve  is  also  plocced  in  Figure  4. 


To  exaaiae  che  properties  of  M  as  a  aeaaura  of 
breakdown,  th*  guanciclas 

«i  “  *HAX  l  (tbi  '  *S3)X/3  1-1,.. .,29* 

wera  eoapucad  froa  che  daca.  Tha  raaulc  1*  dls- 
playad  aa  a  hiatograa,  Figure  3.  Th*  hlacograa 
show*  the  aaan  and  aoda  ara  closa  to  ch*  regression 
valua  of  M. 


Fig  5.  Hlacograa  of  Marcia's  F.alacion 

A  cricicisn  of  ch*  ragreaaion  analysis  scans  froa 
ch*  observation  chac  ch*  standard  deviation  of  Cb 
is  noc  conscanc  over  ch*  population.  This  is  shown 
in  Figure  6.  This  graph  was  generated  by  arranging 
che  daca  in  order  of  increasing  and  cunpucing 
che  naans  and  standard  deviations  of  cb  for  all 
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sett  of  30  ordered  points.  Whether  this  variation 
in  cht  MS  deviation  of  tj,  with  tb  is  intrinsic  to 
the  phenomena,  or  due  to  th«  particular  vaveforn 
ustd  in  the  experiments,  or  on*  of  tht  process 
vxriablss  is  a  point  yet  to  b«  resolved. 


<  l,>a|.M«AMT1M(TOSMAiU>0*m<,.»«] 


fig.  6.  Variation  of  Fractional  Deviation 
of  Ireakdown  Time  with  Mean  Tin  to 
Ireakdown,  Runn.'og  30  Foint  Averages. 

The  sane  sat  of  electrodes  was  us ad  for  all  tests. 
These  electicdes  sat  in  deaerated  water  for  over 
two  sonths.  During  this  tiM  a  thin,  uniform 
patina  of  oxide  developed  on  the  sandblasted  copper 
surfaces.  The  oxidation  rate  in  the  deaerated 
water  was  noticeably  slower  than  when  the  surfaces 
were  exposed  to  air.  Aging  (i.e.,  the  change  in 
breakdown  character  with  time,  or  nuaber  of  break¬ 
downs  suffered)  due  to  two  mechanisms  could  be 
postulated.  One  mechanism  due  to  the  oxide  layer 
buildup,  the  other  due  to  pitting  and  scarring 
from  repeated  breakdowns.  Aging  was  studied  by 
arranging  all  breakdowns  in  the  chronological  order 
in  which  they  occurred  and  computing  the  running 
statistics  of  M.  The  results  arc  displayed  in 
Figure  7.  There  scene  to  be  no  clear  trend  due  to 
aging.  This  is  sonewhat  surprising  for  at  the  con¬ 
clusion  of  the  tests,  the  electrodes  ware  highly 
scarred  and  pitted.  The  positive  electrode  was 
aore  severely  damaged  than  the  negative.  The  pits, 
reminiscent  of  Moon  craters  when  viewed  under  the 
microscope,  were  of  uniform  diaater  ('v  .17  an)  and 
unifornly  distributed  over  the  stressed  area, 
breakdowns  were  visually  observed  through  the 
eathetoaeter  during  testing  and  showed  no  tendency 
to  occur  in  the  sane  place. 


Fig.  7.  Aging  Study.  If  aging  was  strong, 

it  would  be  expected  that  these  curves 
would  have  a  so notonic  trend  up  or 
down. 

An  apparent  threshold  effect  at  about  .275  MV/ca 
was  observed,  below  this  value  breakdown  often  did 
not  occur.  Figure  8  shows  the  results  of  a  series 
of  tests  used  to  explore  this  phenomenon.  At  these 
lower  field  values  sets  of  at  least  10  tests  with 
identical  waveforms  were  performed  and  the  proba¬ 
bility  of  breakdown  defined  as 

The  no.  of  tests  in  a  car,  breaklm  down 
Total  no.  of  tests  in  a  set 
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It  should  be  made  clear  chat  ch«  a  be  is  s*  of  Figure 
9  1*  the  maximum  field  ch«  »m<on  would  have 
achieved  1£  breakdown  didn't  taka  place,  which  ia 
not  necessarily  the  same  a*  the  maximum  field 
achieved.  Also  the  tbovm  simple  definition  of 
breakdown  probability  la  confounded  by  the  ex¬ 
perimental  observation  that  the  probability  of 
breakdown  on  the  nth  teat  dapenda  on  whether  the 
n-let  teat  broke  down,  which  la  to  aay  each  teat  la 
not  a  Bernoulli  chance.  Thla  effect,  which  la 
difficult  to  quantify,  waa  explored  in  a  qualitative 
way.  It  waa  eatabllahed  that,  following  applica¬ 
tion  of  a  high  atreaq,  the  low  atraeaed  teat  would 
probably  break  down.  But  the  application  of  low 
streaa  a  second  tine  would  not  reault  in  break 
down,  This  effect  ia  aacribed  to  tranaiacltory 
daaagc,  wherein  a  violent  breakdown  producaa  aur- 
face  condltlona  which  weaken  the  hold-off  atrangth, 
while  a  mild  breakdown  following  rapalra  the 
damage. 


Research  Program  and  by  DAkFA  through  the  Havel 
Air  Syateme  Command. 


It  haa  been  the  intent  of  thla  pap*r  to  report  the 
findlnga  to  data  of  the  continuing  reaearch  efforta 
on  electrical  oreakdown  in  water  being  pureued  at 
HSVC/DL.  It  haa  been  ahown  that  Martin' a  Halation 
ia  a  good  groaa  measure  of  breakdown  in  the  region 
2-10  uaec,  but  that  ahot  to  ahot  variability  in 
else  of  breakdown  ia  large.  Aging  aeena  unimportant 
and  there  ia  evidence  for  a  thraahold.  Obviouely 
much  sore  work  suae  be  done.  The  effect*  of  tem¬ 
perature,  resistivity,  electrode  aatarial,  and 
surfacing  need  to  be  studied.  The  time  regime 
should  bo  extended  to  the  20  and  30  uaeeond  domains. 
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Abstract 

The  electron  amission  cheraccerletici  of  metal 
cathode*  subjected  to  pulsed  electric  fields  in  the 
absence  of  insulating  magnetic  fields  has  been  in¬ 
vestigated  experimentally.  Unifona  electric  fields 
an  the  range  of  0.2-0.S  KV/ca  were  applied  to 
50  ca2  surfaces  under  vacuus  in  single  pulses  of 
^  40  n*  duration  at  a  voltage  of  *  0.5  MV.  Sere 
aetals  and  Metals  costed  with  dielectric  Materials 
ware  studied.  Results  show  that  bare  Metals  with 
freshly  prepared  surfaces  can  withstand  fields  of 
2  300  kV/cm  for  5  40  ns  without  significant  emie- 
slon.  Emission-induced  discharges  degrade  the  sur¬ 
faces  such  that  full  space-charge-Lisdted  current 
densities  ( 100-250  A/cm2  for  this  experiment)  are 
obtained  at  fields  as  low  as  200  kV/ca  on  subse¬ 
quent  pulses.  In  the  case  of  coated  surfaces,  it 
was  found  that  dielectrics  could  occasionally  sup¬ 
press  emission  completely  up  to  *  300-400  kV/ca, 
and  unlike  bare  Metals,  could  partially  suppress 
emission  after  having  passed  significant  current  at 
fields  up  to  0.5  KV/ca. 

Introduction 

Electron  emission  fxoa  surfaces  subjected  to 
high  electric  fields  In  a  vacuum  la  an  important 
consideration  in  a  wide  variety  of  pulsed  power  ap¬ 
plications.  The  phenomenon  has  besn  extensively 
investigated  for  the  dc  case.  Early  work*  provided 
valuable  insight  into  besic  emission  and  vacuua 
breakdown  processes,  but  with  the  advent  of  high- 
voltage,  high-current,  pulsed  electron  acceler¬ 
ators,  it  became  necessary  to  investigate  ehs 
phenomenon  on  a  suboicrosecond  time  seal*.  Soa* 
work  was  dons  on  this  problea  in  the  late  sixties2 

•Work  partially  supported  by  the  Lawrence 
Liveraore  Laboratory. 


as  part  of  the  development  program  for  the  AUROWr 
generator,  and  more  recently  by  Kilton4  using  bare 
stainless  steal  cathodes.  The  data  reported  here 
are  the  result  of  a  limited,  empirical  study  of  the 
phenomenon  under  a  specific  set  of  pulse  and  elec¬ 
trode  conditions. 

The  experiment  wee  conducted  to  investigate 
the  feasibility  of  using  dielectric  coatings  to 
suppress  emission.  Investigation  of  coatings  under 
pulsed  conditions  wee  considered  particularly  im¬ 
portant  for  advanced,  high-power  laser  exciters 
because  such  devices  typically  do  not  produce  the 
large,  self-generated  magnetic  fields  uaed  to  insu¬ 
late  structures  in  low  impedance  accelerators. S'6 

Inscription  of  ftcperlment 

The  experimental  apparatus  (rlgur*  1)  consist¬ 
ed  of  a  31-cm-diameter  aluminum  vacuua  chamber  con¬ 
taining  a  sample  holder  and  currant  collector 
assembly.  The  samples  were  23-cm-diaaeter  by 
4.35-oMt-thick  disks  which  war*  held  in  place  by  a 
radlused  clamp  ring.  The  holder  was  attached  to 
the  negative  output  electrode  of  a  Ihysics  Inter¬ 
national  Company  KJLSEMO*  225-41,  which  produces  a 
12  kJ,  40  ns  puls*  at  5.3  Q  when  configured  as  tn 
MM. 

The  experimental  parameters  ars  given  in 
Table  1.  The  basic  experimental  approach  was  to 
install  prepared  samples,  then  fire  the  225-W  at 
the  **  530  kV  output  level  using  a  variety  of 
spacing*  to  achieve  different  peak  electric  field 
magnitudes.  The  general  pattern  for  each  sample 
was  from  low  to  high  values  of  field.  Most  samples 
war*  initially  strasssd  to  200-250  kV/ca  (2. 5-2.0 
cm  spacing),  then  subjected  to  gradually  increased 
fields  for  successive  shots.  'Up-and-down*  scans 
were  often  uaed  to  investigate  degradation  offsets. 


Figure  1  Experimental  apparatus. 
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Diagnostics  for  tha  experiment  war*  tha 
resistive  voltage  dividar  and  currant  probe 
(Figure  1)  provided  as  part  of  tha  22S-W,  and  tha 
currant  collector  (Figures  1  and  2).  tha  voltage 
monitor  was  used  to  deduce  field  values*  inductive 
corrections  were  unnecessary  because  of  low  cur* 
rents  and  the  fact  that  all  voltages  quoted  vara 
neasured  when  di/dt  *  0. 

The  current  collector  assembly  ( figure  2) 
served  to  provide  precise  spacing  control  as  vail 
as  to  teasura  esiitted  current*  The  active 
collector  was  a  50  err  graphite  disk  surrounded  by 
a  concentric*  re-entrant  graphite  guard  ring  which 
was  provided  to  eliminate  fringing  effects* 

Spacing  accuracy  was  t  0*001  in**  and  minimum 

2  2 

iecector  sensitivity  vas  *  3  A/cm  over  the  50  cm 

tantral  'ollactor  area.  Displacement  current 
density,  given  by  }D/5t  »  eQ  vas  on  the 

order  of  1.5  A/cn"  at  *v>  0.5  MV/ca  (below  detector 
threshold) .  The  accuracy  of  current  measurement  is 
estimated  to  be  =  5  percent. 


Figure  2  Detail  of  current  collector  aaaembly. 


Collector  current  and  diode  voltage  were  used 
to  Interpret  experimental  results.  The  exper- 
i  men  tel  figure  of  merit  was  chosen  as  the  ratio 
J/Jg'g,  where  J  is  the  peek  neaaured  current 
density,  averaged  over  the  SO  oeJ  collector  area, 
and  Ju  is  the  computed  value  of  space-charge 
limited  current.  Jy.  is  given  by  the  non- 
relatlvistic  ian^suir-Child  law  expression 
Jy.  -  2.34X101  V3/2  d’2  A/cm2 
where  V  Is  the  voltage  In  volt*  (neasured  at  the 
time  of  peek  collector  current)  and  d  la  the 
sample-collector  spacing  in  cm. 
la  re  Mstal  Results 

Bare  metals  were  tasted  to  provide  a  baseline 
for  the  ooeting  studies*  Two  types  of  natal  ware 
tastsd,  stainless  stsel  and  a  1  uninun.  only  one 
surface  preperation,  a  machined  32  finish,  was  used 
for  stainless  stsel  samples.  Several  preparation*, 
ranging  from  a  surface  roughened  with  glass  beads 
to  one  with  a  mirror-like  polish,  were  used  for 
alueinun*  The  differences  in  electron  emission 
characteristics  between  the  two  metals  vers  found 
to  be  slight*  and  the  influence  of  aluminum  surface 
preparation  over  the  range  tested  was  minimal. 
Typical  results  for  stainless  steel  are  shown  in 
Table  2,  which  gives  measured  values  of  seen  field, 
S,  emitted  current  density  <J*  and  the  ratio  J/JLC 
for  three  samples. 

The  data  in  Table  3  indicate  that  frsshiy  pre¬ 
pared  stainless  stsel  surfaces  can  withstand  a 
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tin? It  puli*  e f  *u  200  M/cm,  but  will  tnit  current 
it  th«  fall  spaee-charge-limited  value  thereafter 
aluminum  behaved  similarly) .  Moreover,  *11 
samples  (both  sttilil  tested  showed  significant 
emission  during  th*  second  pula«*  of  th*  iirit 
that,  usually  *.  5-10  kA. 

There  is  slto  evidence  that  virgin  surfaces 
can  withstand  higher  fields  for  brl«f  time*.  On 
shot  94  a  fraah  sample  was  initially  subjected  to 
344  M/cm.  Th*  rtaultant  10  kA  peak  currant  repre- 
aanttd  approximately  one-half  the  apace-charge- 
ltaittd  stax la ur.,  but  currant  onaat  was  delayed!  it 
occurrad  ■■  43  ns  latar  than  on  shot  93  for  which  a 


iHtfC.m 

Figure  3  Currant  onsat  dalay  of  frash 
stainless  steal  sample. 


The  basic  conclusions  drawn  item  bar*  metal 
studies  ar*  that:  (1)  fields  of  between  200  and 
300  kV/ca  ar*  sufficient  to  causa  full  apace-charg* 
limited  electron  currant  to  be  emitted  from  either 
aluminum  or  stainless  steal  surfaces  which  have 

•The  225-W  produced  a  train  of  multiple  pulses 
separated  by  «,  75  ns  for  this  experiment  be¬ 
cause  of  the  high  impedance  presented  by  the 
load. 


previously  bean  stressed:  and  (2)  a  single  puls* 
will  permanently  degrade  freshly  prepared 
surfaces.  Surface  finish  had  a  second  order 
effect!  the  onset  of  first  pula*  current  was 
delayed  slightly  whan  aluminum  w*»  highly 
polished.  Highly  polished  Jtairlea*  steel  we*  not 
tested!  reports  fro*  similar  experiments  at  the 
Haval  Research  Laboratory  had  previously  shown  that 
little  was  changed  by  polishing.7  late-time  sus¬ 
taining  currents,  aa  reported  by  Kiltor.,4  were  not 
observed. 

Coated  Surface  Jesuits 

Several  coatings  were  tested!  aluminum  anod¬ 
ising,  apray  paint*!  epoxy r  PST-100  (lead- 
xlrconate-tltanat*)!  and  high  vapor-preaaur* 
silicon  oil.  Alumima*  wa*  th*  only  type  of 
substrate  used.  Anodised  samples  wars  prepared  by 
the  Kaiser  Aluminum  Center  for  Technology, 
Pleasanton,  California.  Slow  cooling  was  usee  to 
retard  erasing,  and  anodising  thickness  ws*  held 
constant  to  a  0. 0001-inch.  Overall  quality  of 
anodised  samples  was  excellent. 

The  electron  emission  characteristics  of  the 
coated  surfaces  differed  significantly  from  those 
of  bar*  metals.  Sost*  coatings  --'<ra  often  able  to 
completely  suppress  sail  salon  fur  several  pulses 
(rather  than  just  one)  as  the  field  was  raised  from 
th*  *  200  kV/cm  initial  value  to  values  a*  high  a* 
300-400  kV/cm.  Also,  once  emission  did  take  place, 
soma  cc?tings  continued  to  be  partially  effective 
because  they  kept  emitted  current  levels  below  the 
spece-eharge-limlted  maximum  (rather  than  equal  to 
it).  Degradation  of  coating*  did  occur,  but  its 
occurrtnce  was  gradual. 

•complect*  emission  suppression  (i.e.,  where 
th*  emitted  current  level  was  below  the  detector 
threshold,  J  5  3  A/cm2)  is  shown  in  rlgurt  4. 

Shots  63,  64,  and  65  subjected  the  sample  (which 
had  s  0.00 14-inch- thick  a nodised  layer  over  a  32 
finish  machined  surface)  to  230  kV/ca,  235  kV/cm, 
and  310  kV/am  with  minimal  emission.  Thereafter, 
current  densities  ranged  fron  s  5  A/cm2  at  250 
kV/cm  (J/JLC  -  0.02)  to  *  450  A/ cm2  at  +  500  kV/cm 
(J/J y.  «  0.55).  Th*  shaded  area  is  called  th* 
•pre-threshold"  region  for  this  discussion. 

The  gradual  degradation  of  anodised  aluminum 
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Figura  4  Shot  record  fcr  anodized  s*ep It. 


rijur*  5U,  bl  comparison  of  anodized 
aluminum  samples. 

and  the  partial  suppression  it  exhibits  la  ahown 
graphically  in  the  comparison  'stress  history* 
plots  of  rigura  5.  *3p-and-down“  scan  data  such  aa 
those  of  Figura  4  (tha  0.0014  inch  data  of  5b  ara 
tha  same  data  as  rigura  4)  ara  plottad  by  conn  act¬ 
ing  successive  data  points  with  linas  to  show  tha 
influanca  of  tha  tasting  aathod.  Tha  shapa  of  such 
plots  depends  upon  both  tha  rata  at  which  flald  la 
ir.craaaad  for  succasslva  shots,  and  tha  pre- 
thrashold  atraaa  of  tha  saapla  (only  post-thrashold 
data  arc  plotted).  Whan  pre-threshold  stress 
includes  several  pulses  between  200  and  250  kV/as, 
J/J,c  tends  to  increase  sore  rapidly  as  f  is  raised 
than  if  2  >  250  kV/a  is  used  for  initial  pulses. 
Tha  solid  curves  of  Figura  5  ara  examples  (if  tha 
affect.  Data  at  the  right  (5b)  included  5  pre¬ 
threshold  shots  batwaan  200  kV/a  and  260  kV/cai  at 
the  left  (5a)  initial  stress  was  %  260  kV/cn. 

The  comparison  of  anodizing  thicknesses 
(Figure  5b)  3howed  llttl.o  difference  between 


samples.  The  thicker  aeodising  layer  (0.003  inch) 
seesis  slightly  no  re  effective  in  suppressing  amie- 
aien  because  ia  20  percent  lower  on  average 

than  the  thinner  sample,  but  the  difference  is  tee 
■mil  to  be  considered  significant.  The  effect  of 
substrate  finish  la  more  striking  (Figure  Se).  The 
value  of  J/J^.  at  a  given  value  of  field  wee 
v*  40  percent  lever  for  the  sample  which  had  been 
prepared  by  using  successively  finer  grit  polishing 
on  a  12  aachina  finish  until  optical  quality 
'*•—>  ilar  reflection  vaa  obtained  before  the  0.003- 
'  h  anodising  layer  wee  added. 

The  improvement  made  by  polishing  the  sub¬ 
strata  wee  net  expected.  Micropro j actions  should 
be  shielded  by  the  high  dielectric  constant  anodis¬ 
ing,  making  substrate  finish  laaa  important.  Out 
the  improvement  was  impressive!  the  sample  with¬ 
stood  five  pulaea  of  between  200  kV/aa  and 
120  kV/ca  in  tha  pre-threshold  region,  then  enittad 
a  maximum  of  IS  percent  space-charge  limited 
current  “  0.15)  at  K  -  0.57  MV/cm.  M suits, 

however,  ara  net  conclusive  because  only  one  such 
sample  vaa  tested. 

hast  other  ceated  samples  behaved  similarly  to 
the  anodised  eneei  some,  however,  were  better  than 
others.  All  coated  eaaplea  had  aome  low  emission 
pro-threshold  region  if  initial  atraaa  wss  <*  200 
kv/as,  and  all  auffarad  permanent  degradation  ones 
significant  electron  current  had  been  emitted.  In 
the  pre-threshold  region,  electron  emission  from 
aome  alwlnum  samples  was  as  affactlvely  suppraaaad 
by  spray  paints  as  by  anodizing,  fit  ona  example,  a 
32  finish  aac hlned  surface  covered  with  Xrylon  Flat 
Whits  No.  1052  (fod.  Color  std.  595  tto .  37075)  did 
not  omit  above  3  A/cm2  for  nine  shots!  tha  average 
field  was  304  kV/em  x  20  percent,  and  tha  xaximimi 
pro-threshold  stress  was  401  kV/ca.  A  simple 
silicon  oil  coating  (Dow-Corning  0704)  was  suf- 
ficlant  to  kaep  J/Jj^  <  0.16  for  fiaida  as  high  aa 
0.4  MV/a,  if  it  were  reapplied  to  a  bead-blasted 
aluminua  surface  after  each  shoe.  All  solid  coat¬ 
ings  were  observed  to  suffer  localized  damage  very 
similar  to  chat  described  by  Jedynak^  in  his  dc 
experiments  with  epoxy. 

Discussion  of  Results 

It  is  believed"* 50  that  large  currents  are 
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•cuss* d  iron  cold,  bar#  Metals  by  *  process  known 
at  explosive  aalsslon*  In  this  process,  alactrona 
t;«  first  fiald-aalttad  lion  aicro-projactions 
(whiskers)  whan  the  alactrlc  field  at  tha  tlpa  o f 
whiskers  axcaada  about  107  V/cb.  the  resultant 
field  aeission  currant  than  explodes  thaaa  Micro- 
projections  by  fast  resistive  heating  to  craata 
local  plaaaus  callad  cathoda  flares.  Currant  In 
tha  vicinity  o £  tha  individual  flares  ia  11* it ad  by 
apaca  charge,  ao  tha  total  currant  aailttad  ina 
surface*  Ilka  thaaa  uaad  in  tha  experiment  daa- 
crlbad  hara  would  ba  determined  by  tha  fraction  of 
tha  aurfaca  araa  covarad  by  plaasu  fr©*»  tha 
flaraa.  If  flaraa  axpand  at  tha  poatulatad  rata  of 
t  106  ca/a.10  tha  SO  cm3  aurfaca  araa  would  require 
.*  1C*  equally  apacad,  ai»ultan#ou*  explosions  to 
achlava  J/Jj^  *  1.0  in  +  SO  na. 

Tha  bara  swtal  raaulta  dascribad  hara  ara 
intarpratad  a«  avidanca  that  earaful  finishing 
tanda  to  raatovo  Boat  whiakara  that  emit  (and  *x- 
ploda)  *oat  raadlly,  auch  that  whan  fialda  of 
aavaral  hundrad  kV/o*  ara  appliad,  aavaral  tana  of 
nanoaaconda  ara  required  bafora  axploaiona  bay  in  to 
occur  taa»f  tha  raaainlnf  aaaller  onas.  The  ir- 
ravaraabla  daaag*  cauaad  by  a  single  200  kV/aa 
pulaa  ia  avidanca  that  discharges  hava  tha  affact 
of  creating  favorabla  aalsaion  aitaa  widaly  ovar 
tha  cathoda  aurfaca.  This  ia  in  conflict  with 
Milton' i  observations4  of  cathoda  conditioning,  but 
tanda  to  support  tha  idaa  that  micro  project  ions  ara 
fonaad  by  tha  action  of  pondaraotiva  forcaa  on 
atatal  in  tha  liquid  phaaa  naar  axploaion  aitaa, 

tha  coatad  sa*pla  raaulta  tand  to  support  tha 
idaa  that  aalsaion  can  ba  suppraasod  if  aicro- 
projactions  ara  buriad  in  a  dialactric  that  raducaa 
local  fialda  and  pravanta  fra*  alactrona  frost  bain? 
aailttad  into  tha  vacuus.  However,  tha  fact  that 
strong  aalsaion  still  takas  placa  at  fialda  of  300- 
500  kV/ca,  and  that  obsarvabla  dsaage  to  ooatln gs 
raaulta,  indieatas  that  coatings  fail  locally  as  a 
rtault  of  bulk  braakdown,  leading  to  explosive 
aalsaion  fro*  substrata  attal  whan  subsequently 
stressad.  Tha  bulk  braakdown  stay  ba  cauaad  by  ia- 
parfactlon  in  coatings,  or  by  fiald  incraaaaa 
caused  by  direct  aalsaion  iron  tha  dialactric  sur¬ 
face  at  the  vacuus  interface.  Such  aalsaion  has 


baan  observed, but  further  investigation  is 
naadad  to  quantify  lta  influence  on  tha  raaulta 
obtained  hara. 
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INVESTIGATION  WTO  TEICCOLISC  LIGHTNING  WITH  A  rOSED  LASEE 
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CSAT  FLICNT  DYNAMICS  UKEATOEY,  ATMOSFMEEIC  ELECTEICITY  XAZAEDS  CEOUF 


Abstract 

Theoretical  and  experimental  considerations  tor 
the  triggering  of  lightning  with  a  high-power 
pulsed  laaar  at*  discussed.  The  MthialiM  of 
laser-induced  clean  air  breakdown,  aaroaol  break¬ 
down,  and  chaanal  beating  ovar  a  long  pack  foe 
tha  purpoaa  of  Initiating  and  possibly  guiding 
Lightning  ara  reviewed.  It  la  shown  that  long 
path  (of  the  ordar  of  ona  kilometer)  Ionization 
through  laaar-laducad  claaa  air  breakdown  la 
theoretically  poaalbla.  Chaanal  boating  ovar  a 
long  path  appaara  poaalbla,  but  requlrea  pro¬ 
hibitive  anarglaa.  Indlcacioaa  ara  choc  long 
path  Ionization  can  ba  anhancad  bp  taking  advan- 
taga  of  :ha  significantly  raducad  povar  requlre- 
zar.cz  for  aaroaol  breakdown.  Tha  Mt.  laldy, 

New  Mexico,  experimental  taat  alta  for  1971-197) 
experiments  and  criggarlng  attempts  la  briefly 
daieribad. 

Introduction 

la  early  197S,  tha  Air  Force  Flight  Dynamics 
Laboratory  and  tha  Air  Forea  Weapons  Laboratory 
initlacad  a  joint  two-year  program  to  attempt  to 
trigger  lightning  with  a  laaar  bean.  In  tha  yaar 
and  a  half  alr.ca  than,  a  Laaer-Trlggered  Light¬ 
ning  Experiaent  (LTLE)  taat  acation  has  baan 
asaaablad.  Triggering  acceapca  ualng  this  acation 
will  bagin  in  the  next  few  vaeka. 

During  tha  couraa  of  tha  LTLE  program,  ue  have 
iaamad.  If  nothing  alaa,  that  theoretical  con- 
aidtraclona  for  triggering  lightning  uich  a  laaar 
bean  arc  fraught  vlth  unknowns.  A  ravlav  of  aoaa 
of  thoaa  consldaraciona  la  praaancad  In  this  paper. 
Tha  review  begins  with  a  look  at  the  lightning 
process  itself,  and  the  posited  criteria  for 
triggering  lightning  with  a  laaar  beam.  Laaar 
affects  are  than  summarized  and  cnapared,  where 
possible,  to  tha  triggering  criteria.  A  description 
of  the  test  station  to  be  used  In  the  actual 
triggering  accenpcs  concludes  the  peper. 

The  Liahtnlne  Process 

It  is  generally  belle-ed  that  a  strike  begins  with 


a  localized  breakdown,  or  free  electron  cascade,  la 
a  region  of  a  cloud  containing  a  high  electric  field. 
Tha  cascade  la  throat  fron  the  cloud  In  the  fen  of 
a  stepped  leader  which  eaves  toward  the  ground  In 
steps  approximately  30  eaters  long,  with  pauses 
between  steps  of  about  30  microseconds.  As  the  . 
leader  reaches  the  near  vicinity  of  the  ground,  It 
Is  aet  by  a  highly  luminous,  hlgh-veloclty  return 
stroke,  which  Is  the  component  of  lightning  actually 
soon  with  tha  naked  aye.  Tha  return  stroke  goes  up 
the  channel,  progressively  drawing  charge  deposited 
by  the  stepped  leader  and  enters  the  cloud.  After 
a  pause  of  generally  lass  than  100  milliseconds,  a 
dart  leader—a  segment  of  lightning  about  30  eaters 
long — nay  proceed  down  tne  original  path,  and 
initiate  another  return  stroke.  Tha  process  nay 
repeat  two  to  twenty  tissue  to  produce  a  single 
lightning  flash,  whose  totsl  duration  nay  be  of  tha 
ordar  of  ona  second.  (Eaf  1). 

A  theory  explaining  all  aspects  of  this  sequence  of 
events  has  yet  to  aearga.  Least  understood,  perhaps, 
Is  tha  breakdown  process  which  begins  tha  sequence. 
And  specifically  unknown  is  the  sac  of  conditions 
which  ausc  exist  within  a  cloud  before  an  initial 
electron  cascade  can  begin.  Many  parameters  are 
Involved  In  establishing  a  suitable  total  environaenc 
favorable  for  an  electron  cascade,  and  nay  include 
any  or  all  of  the  following: 

a.  Electric  field  Intensity 

b.  Electric  field  ceaporal  variation 

c.  Electric  field  spatial  divergence 

d.  Cloud-co-ground  polarity 

a.  Water  droplet  concentration 

f.  Water  droplet  size  distribution 

g.  Water  drople?  race  of  notion 

h.  Water  droplet  spatial  distribution 

i.  Free  electron  concentration 

J.  Free  electron  spatial  distribution 

k.  Ionic  concentration 

l.  Ionic  spatial  distribution 
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a.  Ionic  specie  type 
n.  Ionic  coco  of  notion 
e.  farclculate  concentration 

p.  Particulate  spatial  distribution 

q,  Particulate  size  distribution 
Particulate  iptclt  type 

J.  Particulate  coco  o l  Notion 

t.  let  crystal  concentration 

u.  let  crystal  slat  and  shape  distribution 

v.  let  crystal  spatial  distribution 
v.  let  crystal  rata  oi  Notion 

x.  Ttaparatur* 

y.  kelacive  huaidicy 
Atmospheric  prossurt 

It  is  |tnorally  assumed  chat  the  electric  field 
intensity  is  the  predominant  factor  in  natural 
lightning  initiation.  However,  other  factors  could 
be  of  equal  iaportance.  Of  particular  significance, 
ut  feel,  are  paraaeters  involving  relatively  rapid 
change  over  tine,  such  as  the  Notion  of  water 
droplets,  ions,  ice  crystals  and  particulates;  and 
taaporal  variations  in  the  electric  field.  The 
single  aoat  important  changing  paraaeter  is 
difficult  to  identify  and  nay  vary  fro*  discharge. 
Thus,  in  one  case,  a  bulk  notion  of  charge  carriers 
say  initiate  a  cascade  by  permitting  the  electric 
field  intensity  in  sooe  locality  to  build  to  the 
air  breakdown  threshold  level.  In  another  case, 
the  electric  field  say  remain  constant,  with 
threshold  conditions  reached  because  of  a  chancing 
distribution  of  wind-blown  water  droplets  within  a 
local  region  of  a  cloud.  Conditions  which  exist 
in  active  thunderstorne  are  not  well  known,  and 
the  initial  phase  of  the  lightning  discharge  is 
not  well  understood.  Consequently,  a  numerical 
estlaate  of  the  degree,  speed  and  spatial  extent 
of  paraaeter  change  within  a  cloud  which  is 
required  for  the  initiation  of  natural  lightning 
cannot  be  made. 

Triarerinc  Criteria 

The  triggering  of  lightning  with  a  laser  bean  -ay 
be  accoeplished  by  at  least  three  approaches: 

(1)  by  generating  an  ionized  path  over  the  entire 
earth-to-grousd  distance,  (2)  by  producing  a 
rarefied  coluan  of  air  froa  the  ground  to  a  cloud, 
or  (3)  by  heating  and  ionizing  sons  local  region 
near  or  within  a  cloud.  In  the  first  and  second 
approaches,  the  sin  is  to  short-circuit  the  cloud 
charge  to  the  ground,  either  by  providing  a 
parcially-conduccl*'  or  by  lowering  the  aarch- 

co-doud  dielectric  constant.  In  the  third  approach, 
the  hope  is  to  upset  the  electrical  balance  within 
a  cloud  by  altering  one  or  sore  of  the  environmental 


paraaeters  which  were  listed  earlier. 

To  establish  criteria  for  triggering  by  using  the 

earth-to-cloud  ionized  path  method,  natural 

lightning  data  can  be  used.  Since  a  stepped  leader 

is  sufficiently  conductive  to  maintain  subsequent 

lightning  components,  a  laser-generated  ionized 

coluan  with  similar  characteristics  should  be  able 

to  discharge's  cloud,  electron  densities  within  a 

lightning  stepped  leader  are  not  known  with  certainty 

a  10 

but  have  bees  estimated  as  being  about  10  to  10 
electrons  per  cubic  centimeter.  (Saf  1,  2).  The 
tlae  required  for  e  stepped  leader  to  go  froa  the 
cloud  to  the  ground  ia  about  10”2  seconds,  and  the 
tins  raquirad  for  a  return  stroke  to  go  froa  the 
ground  to  the  cloud  over  the  stepped  leader  path  it 
approximately  10  ^  ascends.  Consequently,  if 
lightning  can  be  triggered  by  generating  an  artifi¬ 
cial  lightning  coaponent  with  a  laser  the  criteria 

o  to 

for  the  triggering  would  be  10  to  10  electrons 
per  cubic  cesclaeter  in  a  channel  eboue  1  kilometer 
long,  with  a  persistence  time  of  approximately 
10”*  to  10~2  seconds. 

The  results  of  spark  gap  experiments  performed  by 
Xoopmen  and  Saws  can  be  uaed  to  estimate  upper  Unit 
criteria  for  triggering  lightning  using  the  rar afield 
channel  method.  Koopaau  and  Saua  found  ia  1972  that 
sparks  could  be  guided  froa  one  highly  charged 
electrode  to  another  by  heating  a  path  between  the 
electrodes  with  a  laser  beam  (kef  3).  According 
to  their  cospucaciona ,  the  air  density  along  the 
been  was  reduced  to  about  64*  ambient  value  for  the 
triggerings. 

Criteria  for  crlggaring  lightning  by  ionizing  a 
local  region  in  .or  near  a  thundercloud  cannot,  at 
this  point  in  time,  be  established.  Too  little  Is 
known  about  natural  lightning  initiation  to 
ascertain  the  type  and  extant  of  disturbance  which 
would  be  needed  for  an  artificial  triggering. 

Laser  effects 

To  determine  the  likelihood  of  triggering  lightning 
with  a  laser,  It  is  necessary  to  first  examine  the 
effects  of  a  laser  beam  in  the  atmosphere.  A 
sufficiently  incense  laser  beam  can  product  three 
effects  of  interest:  (1)  thermal  heating,  (2)  clean 
air  breakdown,  and  (3)  aerosol  (particulate)  break¬ 
down.  All  chrae  effects  will  occur  sisultaneously 
if  Che  laser  beam  is  exersaely  intense.  However, 
specific  effects  may  be  esphasized  by  a  careful 
selection  of  laser  bean  and  optical  paraaeters. 


The  roe 1  Hexti.-.t 

The  effect  oi  primary  interest  la  chatmal  heating 
by  a  laaar  bean  la  ch*  rarefaction,  via  thermal 
expansion,  of  air  along  :h«  baaa  channel.  The 
mechanical  energy  required  to  lower  the  density 
oi  air  aloes  a  column  oi  length  t  and  radius  r 
co  a  fraction  F  of  ambient  value  la,  iron 
pressure-balance  consideration* 

I  -  |  (,r2.)  m^T^  -  1}  <l) 

vhara  and  n^  are  tha  embient  air  taayeratura 
and  danalcy,  and  V  la  the  toltsmea  ceaacaac. 

L'elng  a  typical  valua  for  V?^  and  for  n^  of 
1  x  10'*1  Joule*  and  2.S  x  101,ca-3,  roapoctlvaly; 
tha  anarsy  required  to  rarafy  a  column  of  air 
oae  kilontter  lout  aad  oaa  caatlaatar  la  radlua 
to  $A»  aablaat  valua  Id  about  21,000  joulaa. 

Evan  »raatar  laaar  enarglaa  would  ba  enquired, 
elnca  only  a  fraction  of  tha  eaariy  from  tha 
later  la  convarcad  to  tarsal  heat la|.  Thun, 
tha  triggering  of  llshtnlas  with  a  loot  path 
of  laaar-raraflad  air  doaa  not  appear  to  ba  a 
viable  approach. 

Imfedza 

Later-Induced  clean  air  braakdoua  la  a  non -1  laaar 

procaaa  la  which  laaar-haatod  electro**  undergo 

a  cascade  of  lonlxlai  colllalona  with  atona. 

Unless  tha  laser  flux  Intensity  exceed*  a  certain 

threshold  level,  which  for  the  CO  laaar  la 
a  * 

3  X  10  tf/ca  ,  various  iconic  loss  processes 

vlll  Inhibit  ch*  cascade.  Whan  the  threshold 

for  cascade  la  reached,  however,  free  electron 

densities  rise  rapidly  co  near  full  first-stage- 

ionization  level*.  A  detailed  theoretical 

analysis  of  long  path  clean  air  breakdown  hr* 

been  aad*  in  The  laser  llahtnlnt  tod  System:  A 

Feasibility  Study,  by  ea  author  of  chi*  papar 

C?.ef  1).  The  analysis  lndicatas  that  electron 

denaltle*  aeeciag  or  exceeding  the  criterion 

for  triggering  lightning  can  be  generated  over 

a  path  a  kilomacer  or  so  in  length  through  the 

clean  air  breakdown  mechanism.  However,  tha 

production  of  such  a  pathway  would  require  laser 

flux  intensities  on  ch*  order  of  glgewatts/cn2 

(for  CO j  radiation),  over  a  laser  aperture  tens 

of  centimeters  In  radius.  Thtse  requirements 


are  beyond  the  capability  of  lasers  currently 
available. 

Atmol  >r««kdown 

Aeroeol  breakdown  occur*  as  the  result  #f  the 
heating  and  vaporization  of  particular*  natter 
in  the  atnaaphern.  The  laser  flux  required  to 
Initiate  eeroeel  breakdown  la  depondenc  upon 
particle  alae,  but  can  be  ea  such  as  100  tinea 
leas  then  the  flux  required  for  clean  air  break¬ 
down.  An  analytical  nodal  for  aerosol  breakdown 
over  a  long  path  he*  not  yet  been  developed, 
however,  snail  scale  laboratory  experlnenta  per¬ 
formed  as  a  part  of  the  ITU  effort  Indicate  that 
a  clean  air  breakdown  boad  can  bo  lengthened  by 
at  least  a  factor  of  seven  by  Introducing  parti¬ 
culate*  Into  the  been  path.  Additional 
e^erlaea cation  will  be  necessary  to  determine  If 
*  lenlaetlon  com  be  further  elongated  by 

optimising  focualcg  parameters. 

ffim  hm in 

Significant  Ionisation  or  rarofactlon  oi  air 
e*ez  thn  entire  enrth-to-cloud  distance  appears 
vmlikaly  with  tha  energy^linitad  lasers  available 
tod*y.  Aerosol  breakdotm  offer*  son*  pronia*  of 
ionlaatlon  path  elongation,  but  furthor  study  of 
the  process  la  needed  before  conclusion*  can  be 
draun. 

The  generation  of  a  Halted  disturbance  la  or 
noer  a  thundercloud  renalna  a  viable  option  for 
cri||tria|  atcenpcs.  A  laser  been  can  change  air 
Uspencwe,  air  pressure,  free  electron  distri¬ 
bution,  Ion  dlacrlbuclon,  electric  field  Intensity, 
vetar  droplet  concentration,  particulate  ala* 
distribution,  aad  lea  crystal  concentration, ell 
In  class  ch*  order  of  microsecond*.  Whether 
lightning  can  b*  triggered  by  a  laaar  bean  will 
dapend  on  ch*  effect,  yet  unknown,  of  rapidly 
changing  these  parameters  ovar  a  limited  spatial 
tang*.  Lightning  has  been  triggered  in  the  peat 
by  relatively  snail  disturbances— in-flight 
sircrefc,  water  plumes,  end  rocket-launched  vires, 
so  ch*  outlook  A*  not  discouraging, 
hTLE  Test  Station  Deacrlacion 
A  d lag ran  of  ch*  cast  station  to  be  used  in  ch* 
actual  criggaring  attempts  is  shown  In  Figura  1. 
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The  laser*  to  he  used  ere  housed  in  e  35-feo: 
expendable-side  van  which  will  bt  deployed  to 
the  top  of  Mr.  Saldy,  near  Soccorto,  5»*w  Mexico. 

The  Mt.  aaldy  test  site  was  chosen  primarily 
because  of  eht  near-daily  occurrence  of  thunder- 
stores  In  she  local  area  during  the  summer 
son the. 

The  prisary  laser  to  be  used  In  the  triggering 
attespts  Is  a  pulsed  CO,  unit  with  a  design 
output  o f  A 00  joules  in  a  ene-to-two  micro¬ 
second  pulse.  The  CO,  bean  will  be  supplemented 
with  the  output  ol  a  13  joule  Kd-Clas*  laser 
having  a  pulse  length  ol  about  jOnanoseeonda. 

The  beans  will  be  focused  by  an  on-axia  Casse¬ 
grain  telescope  conprised  of  s  60  centimeter 
diameter  copper-plated  aluminum  primary  mirror, 
and  a  20-cenclmeter  diameter  aeeondary  mirror, 
both  on  adjustable  mounts.  Deflection  of  the 
beam  upuard  will  be  accomplished  by  a  76-centimeter 
diameter  copper-plated  honeycomb  titanium  turn¬ 
ing  flat.  A  60-foos  aluminum  treacle  tower 
adjacent  to  the  beam  path  will  serve  at  a  car- 
sinus  for  any  lightning  which  may  be  triggered. 

The  optical  system  Is  designed  for  diffractlon- 
llxlced  operation  at  distances  ranging  from 
100  to  1000  meters.  Various  focal  ranges  will 
be  employed  during  the  course  of  the  experiment. 
Control  units,  data  storage  equipment,  end  per¬ 
sonnel  will  be  housed  in  a  separate  van  adjacent 
to  the  laser  van.  Both  vans  are  of  sheet  metal 
construction  and  are  grounded,  providing  Feraday- 
cage  protection  for  personnel.  Data  acquisition 
equipment  will  include  a  current-sensing  system 
on  the  lightning  strike  tower,  electric  and 
magnetic  field  antennae,  a  motion  picture  camera 
and  f  vldeocatftcte  system.  Triggering  attempts 
will  be  made  ove  s  month  and  a  half  period 
beginning  in  early  July,  1979. 
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Abstract 

Recent  advances  in  direct  Lightning  strike 
testing  have  been  in  lightning  attachment 
test  techniques  and  generator  development 
using  a  very  large  Tesla  Coil  (SI  feat 
wide).  Breakthroughs  in  simulated  light¬ 
ning  attachment  to  small  scale  replica 
aircraft  models  which  can  be  adapted  to 
full  site  operational  aircraft  have  been 
made  in  the  past  year.  New  high  voltage 
long  arc  generator  developments  have  suc¬ 
ceeded  in  producing  voltages  in  excess  of 
IS  million  volts  and  arc  lengths  in  excess 
of  40  feet.  The  shortest  path  from  the 
discharge  arc  electrode  to  the  model  ex¬ 
tremity  using  the  long  arc  does  not 
govern  the  attachment  points  to  the  test 
specimen  as  it  does  when  a  short  arc  is 
used  to  conduct  simulated  lightning 
testing.  The  system  just  described  may 
also  have  application  as  an  ultra-high 
mega-volt  source  for  particle  beam 
weaponry. 


Introduction 

The  purpose  of  the  program  was  to  evaluate 
the  Tesla  Coil  as  a  laboratory  tool  for 
lightning  effects  research  on  aircraft. 

The  ability  of  a  Tesla  Coil  to  generate 
high  voltage  pulses  at  high  rep  rates  re¬ 
sults  in  the  capability  to  create  artifi¬ 
cial  lightning-like  streamering  and  long 
electrical  discharge  arcs  and  asake?  it  a 
desiraolc  alternative  to  the  high  voltage 
impulse  generators  currently  in  use. 
Another  characteristic  of  a  Tesla  Coil  is 
chat  many  long  arcs  can  be  generated  over 
a  very  short  time  period.  These  Tesla 
Coil  characteristics  are  highly  desirable 
in  lightning  effects  research  using  full 
scale  (e.g.  an  actual  aircraft)  test 
specimens. 

The  primary  objective  of  the  program  was 
to  evaluate  the  Tesla  Coil  as  a  long  arc 
source  for  lightning  attachment  studies. 
Secondary  objectives  of  the  program  were 
to  investigate  methods  for  measuring  the 
output  characteristics  of  the  Tesla  Coil 
and  the  attachment  characteristics  of  an 
Advanced  Design  Composite  Aircraft  (ADCA) 


model. 

Background 

At  the  present  time  the  lightning  suscep¬ 
tibility  of  aircraft  is  investigated  using 
high  voLtage  impulse  generators.  In  a 
typical  test  involving  streamering,  the 
direct  effects  due  to  arcing  are  deter¬ 
mined  by  discharging  the  generator  in  a 
localized  area  of  an  aircraft  in  such  a 
manner  that  streamering  is  induced  with¬ 
out  arc  attachment  to  the  aircraft.  The 
presence  of  streamering  is  indicative  of  a 
possible  ignition  source  for  combustible 
vapors.  The  procedure  is  repeated  until 
total  aircraft  coverage  is  attainad.  Long 
arc  attachmant  tasts  are  conducted  to 
verify  the  primary  zonas  and  to  identify 
secondary  attachment  zones.  For  these 
tarts  the  probe  of  a  high  voltage  impulse 
generator  is  positioned  to  generate  a  long 
arc  that  attaches  to  the  test  specimen. 

The  test  is  repeated  a  number  of  times  with 
the  probe  at  different  orientations  with 
respect  to  the  test  specimen  to  eliminate 
the  possibility  of  biasing  the  attachment 
point  and  to  simulate  lightning  flashes 
approaching  from  various  directions.  This 
is  a  time  consuming  procedure  because  of 
the  set-up  time  and  the  charging  time  of 
impulse  generators. 

In  contrast  to  the  existing  method,  a  Tesla 
Coil  streamering  test  requires  one  set-up 
to  identify  the  total  streamering  charac¬ 
teristics  of  a  test  specimen.  Also,  the 
high  frequency  nature  of  the  Tesla  Coil 
can  generate  many  long  arcs,  of  somewhat 
random  lengths  and  paths  (reducing  test 
set-up  bias). 

Attachment  Evaluation 

The  Advanced  Design  Composite  Aircraft 
(ADCA)  model  used  for  the  attachment  evalu¬ 
ation  was  designed  and  built  by  Grummun 
Aerospace  for  the  Advanced  Composite 
Structures  ADP,  Structural  Mechanics  Divi¬ 
sion,  Air  Force  Flight  Dynamics  Laboratory. 
Wright-Patterson  Air  Force  Base.  Light¬ 
ning  attachment  tests  to  the  ADCA  model 
were  subcontracted  to  Lightning  Transient 
Research  Institute  (LTR1)  initially.  The 
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Electromagnetic  Hazards  Group  obtained 
Che  model  after  Che  initial  attachment 
cescs.  The  model  was  taken  to  Wendover, 
Utau  to  the  Associates  12  niilion  volt 
Tesla  Facility  for  further  attachnenc 
studies.  An  F-4  oodel  was  also  taken  and 
used  as  a  prelininary  test  set-up  nodel. 

The  Tesla  Coil  test  was  conducted  to  eval¬ 
uate  its  use  as  a  Ions  arc  source  for 
attachment  studies.  Data  was  taken  with 
the  model  in  three  configurations  and 
various  positions.  Data  was  obtained  for 
comparison  to  that  obtained  during  LTRI 
long  arc  attachnenc  tests. 


FIGURE  3:  Typical  Primary  Circuit 

Current  Measurement  Using 
Pearson  Current  Transformer 
Vertical  Scale:  1200  Anps/Div. 
Horizontal  Scale:  200  us/Oiv. 


Measurenent  of  Tesla  Coil  Characteristics 

Some  of  the  physical  characteristics  of  the 
Tesla  Coil  that  were  of  interest  were  the 
resonant  frequencies  of  the  Drinary  and 
secondary  circuits,  the  rise' and  decay 
tines,  commutation  rate,  and  input  current 
and  output  current  values.  The  Tesla  Coil 
circuit  of  Golka  Associates  is  diagramed 
in  Figure  l  and  its  equivalent  circuit  is 
presented  in  Figure  2. 

The  current  in  the  primary  circuit  was 
measured  with  a  Pearson,  model  301  current 
monitoring  transformer  (CT).  A  typical 
current  measurement  is  depicted  in  the  os¬ 
cillogram  of  Figure  3.  The  highest  cur¬ 
rent  measured  was  3240  amperes. 

The  output  voltage  was  determined  to  aver¬ 
age  about  10  megavolts.  Higher  voltages 
have  been  observed  on  different  occasions, 
the  highest  being  2S  megavolts.  These 
measurements  were  made  with  capacitor 
divider  techniques.  The  risetime  of  the 
output  voltage  was  measured  to  be  about 
5  microseconds.  The  risetime  of  the  out¬ 
put  voltage  is  important  to  determine  po¬ 
tential  arc  length.  The  risetime  can 
affect  voltage  needed  to  break  down  a 
given  air  gap.  SO  KC  is  thu  ringing  fre¬ 
quency  of  the  secondary/extra  coil  combin¬ 
ation.  30  KC  is  the  primary  oscillatory 
frequency,  the  primary  and  secondary  fre¬ 
quencies  being  pulled  together  somewhat 
due  to  high  mutual  coupling.  This  tech¬ 
nique  being  used  to  prevent  circulating 
currents  between  primary  and  secondary 


l 


Input  Circuit 


TESLA  COIL 


Ll=Priaary  of  Power 
Transformer 
L2=Secondary  of 

Power  Transformer 
L3=Primary  of  Tesla 
Coil  System 


lA=Secondary  of  Tesla 
Coil  System 
L5= Extra  Coil  of 
Tesla  Coil  System 


Cl=Frimary  Circuit 
Charging  Capacfcor 
C2=Distributed 
Capacitance  of 
Extra  Coil 


FIGURE  2:  Equivalent  Circuit  of  Golka  Associates  Tesla  Coil 


Golka  TESLA  Coil 


Attachment  Ttit 
using  TESLA  Coil 


140 


oils  while  naiu^|cient)!ShThis  prevent* 

iWSSif-^^sa’^iw 
^sssK—a-tsass. 

&.*£&££  sjas  &'aysss^ 

Ivc  well  known  physics  4  common  . 

a'f  *vo  pendulums  ^rf^iver  transferrins 

vL^-oncal  string,  th*J“.v!  driven  then 

=*Mt“'1"1  "  t.«,  *.»  th«  «d.i 

SUSd by  &.  G‘“rf«» 

kr  "  »pp'*“  2L  1*“*  coil.  W«  ;*;t; 

4eld  sweeping  the  Dtt*ae  ctnCer  (half  «*» 

-“'ftSof «s&Tsis.s*.  nSua°«. 

►55’oSt  "d tV'*  “*ES  »t«t"  «ro»  *« 
St  £?“»  KlSJS  te  "'“1“io; t0 

f  £«t«  tt^autSltt  'or 

■^htrXc  «"i*  Sd  *-»  b.  — 

cigatcd.  larse 

.w,tl,r  potoitlt  -«  dor* 


S8KS SBg^. 

weaponry,  y  .  nejtavolts.  ^*u^!Liera- 
a^"  schematic  of^a 

tor  using  *  h*1**  *  ..  a 


Time  Exposure  .^“^J'the*  varied 
|S  Tesla  Coil.  ^tethe  floor,  ac- 

attachment  poin^*e°nvolt:age  measure 

mentto?E“£i'ld  “nsors* 


Hom2MeoH 
on  Tesla  9«nenUOf 

l 


141 


Figure  6.  High  Powered  Gouged  High  Speed  Switch  Used  with  I  .urge  Seale  Tesla  Coil  System  Tor 
Powering  Experimental  Particle  Hearn  Weapons 
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KXGH'DBUXTT  Z-PISCH  PUL3T-P0WM  SUfrLT  S?3TO«* 


W.  C.  Nunnally,  L.  A.  Jon**,  and  3.  Singer 

Lot  Uum  Scientific  Laboratory 
Lot  Alaaos,  M  375*5 


Abstract 

Tha  design  and  oparatlon  of  tha  high-density  Z-pinch 
•xpariaant  pulse-power  supply  la  dlaouaaad.  A 
600-kV,  1-HA,  75-r.H  Marx  bank  la  designed  to  char  fa 
a  1-n,  90-ns,  water-lnaulated  transmission  lino  to 
-O.fi-l.O  MV.  Tha  uatar  lino  la  than  dlaebargod 
through  a  snail  laaor- Initiated  current  channel  la 
1-5  ata  of  hydrogen.  The  components  of  the  Marx 
bank,  the  trigger  ayatoa,  the  water  line,  and  the 
gas  load  aa  well  aa  the  control  ayatoa  that  uaea 
fiber  optica  and  air  linka  for  aonltor  and  cootrol 
are  diacuaaed. 


Introduction 

The  high-density  Z-plnch  (HOZP)  experiment  at  Los 
Alaaos  Scientific  Laboratory  haa  been  conatruoted 
to  investigate  the  plaaaa  paraaetera  of  a  laaer- 
Inltiattd  current  channel  in  a  high-pressure  gas. 

A  1-CV  neodyaiua  glass  laaer  la  used  to  initiate  a 
conducting  channel  with  a  diameter  radlua  on  the 
order  of  100-200  pa  between  two  electrodea  apaced 
from  5  to  10  ca  apart  aa  shown  in  Fig.  1.  The 
pulae-power  supply  ideally  auat  produce  a  rapidly 
increasing  current  and  thus  aagnetic  field  to  pre¬ 
vent  expanalon  of  the  ohalcally  heated  plaaaa. 
Slnple  scdels  indicate  that  plaaaaa  with  denaltier 
on  the  order  of  1020  car 3  can  be  heated  to  several 
kiloelectron  volts  with  this  syatea.  A  prototype 
syatea  was  constructed  to  develop  hardware  for  a 
larger  experlaent.  This,  paper  discusses  the  aaln 
KDZP  systea. 

Pulse-Power  Supply  Design 

The  theoretical  current  wave fonts,  deterained  froa 
s  very  staple  sodel,  that  are  required  for  aain- 
•Work  performed  under  the  auspices  of  the  US 
Departaent  of  Energy. 


talning  a  constant  channel  radlua  for  three  filling 

pressures  are  shown  in  Fig.  2.  The  gaa  load  haa  an 

inductance  on  the  order  of  100  nM.  In  order  to 

obtain  the  desired  X  at  channel  initiation  of 

-0. 5-1.0  x  lO1^  Ays,  the  initial  voltage  across  the 

c 

load  auat  be  -0. 5-1.0  x  10  V.  The  maximum  current 
required  froa  the  power  supply  ia  on  the  order  of 
1  HA. 


TIME  (ms) 

Fig.  2.  HDZP  current  waveforas. 


Several  circuit  configurations  were  evaluated  and 
slaulated  using  th«  MET  2  circuit  analysis  cod*.  A 
systea  consisting  of  a  water-insulated,  interae- 
dlat*  storage  lint  resonantly  charged  by  a  low- 
lnductanc*  Marx  was  chosen  as  th*  aost  versatile 
systea.  Th*  basic  circuit  for  th*  KDZP  systea  is 
shown  in  Fig.  3.  Th*  systM  can  b*  op*rtt«d  with  a 
wid*  rang*  of  current  risetiaes  and  current  aapli- 
tud«s  by  laser  initiating  th*  current  channel  at 
various  tiaes  during  th*  resonant  charge  of  th* 
water  lin*.  Th*  water  line  provides  the  Initial 
high  rata  of  current  ria*.  The  *nergy  regaining  in 
th*  Marx  capacitance  and  th*  energy  stored  in  th* 
resonant -charging  inductance  provide  gas  load  cur¬ 
rent  at  lat«r  tiaes. 

Th*  KDSP  water  lin*  was  designed  such  that  the  ia- 
pedanc*  could  b«  varied  froa  0.25  to  1.0  ft  with  a 
transit  tie*  of  90  ns.  The  aaxiaua  line  voltage  and 
load  current  are  daterained  by  th*  tia*  of  current 
channel  initiation,  the  Marx  charge  voltage,  and  the 
water  line  lepedanc*.  Th*  current  wave fora*  pro¬ 
duced  by  siaulatlon  of  th*  IBZP  systea  are  also  il¬ 
lustrated  in  Fig.  2  with  dashed  lines. 

Mgrs  Pt«1p 

Th*  HDZF  Marx  systea  was  designed  to  have  a  ainiaua 
inductance,  to  operate  at  a  noalnal  500  kV  output 
voltage  and  to  deliver  1-HA  peak  current.  Th*  ain¬ 
iaua  energy  store  of  the  Marx  is  daterained  by  the 
aaxiaua  desired  inductive  load  energy  of  about 
50  kJ.  In  order  to  accoaaodat*  th*  aaxiaua  Marx 
current  and  reduce  th*  Marx  inductanoe,  12,  6-stag* 
Marx  nodules,  each  of  which  storea  k.3  kJ  at  500  kV 
and  provides  a  aaxiaua  fault  current  of  S3. 3  kA, 
were  paralleled.  The  individual  Marx  aodul*  circuit 
diagraa  is  shown  in  Fig.  K  and  pictured  in  Fig.  5* 
Each  Marx  aodul*  stag*  consists  of  two  parallel 
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Fig.  4.  KBZP  Marx  aodul*  scheaatic. 


Fig.  5.  Picture  of  Marx  aodul*. 


0.1  UF,  100-kV  Maxwell  series  S  capacitors  and  one 
Physics  International  T670  triggered  spark  gap. 

Each  capacitor  has  a  aaxiaua  rated  current  of  50  kA, 
and  the  spark  gap  has  a  aaxiaua  rated  current  of 


Fig.  3.  HDZ?  circuit  scheaatic 
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120  kA.  The  capacitors  wart  specified  with  50$ 
voltage  reversal  to  accommodate  a  Marx  output  fault 
and  resulting  75$  voltage  reveraal  at  500-kV  output 
voltage.  The  Marx  bank  inductance  at  the  output 
terminals  is  75  nH.  However,  the  transition  section 
between  the  Marx  tank  and  the  water  line  increases 
the  total  aeries  inductance  to  about  250  nil. 

The  Marx  trigger  system  was  designed  to  erect  all 
the  Marx  module*  in  a  small  fraction  of  the  minimua 
voltage  rise  on  the  water  transalaslon  line  or 
withir  >20  ns.  The  trigger  circuit  chosen  is  shown 
in  Fig.  6.  This  trigger  Harx  arrangement  is 
a  variation  of  trigger  circuits  suggested  by  Fitch11 
and  was  selected  because  the  trigger  pulse-  of  the 
Marx  module  gaps  can  be  controlled  in  amplitude, 
rise time,  and  arrival  time  very  preoiaely.  In 
addition,  each  Marx  module  spark  gap  can  be  trig¬ 
gered  with  a  similar  trigger  p'/lse  without  loading 
the  Marx  system.  The  simultaneous  trigger  pulses 
are  generated  by  shorting  12  coaxial  cables 
charged  to  a  maximum  of  100  kV  with  a  spark  gap 
that  also  serves  as  the  trigger  Marx  stage  gap. 


rig.  5.  HDZ?  trigger  system  schematic. 


In  order  to  minimise  the  jitter  in  erection  of  the 
main  Marx  modules,  the  trigger  pulses  provided  by 
the  trigger  Marx  must  have  a  rlsetlme  less  than 
the  dealred  scatter.  The  12  cables  that  are 
shorted  by  the  trigger  Marx  stage  gap  have  a 
characteristic  Impedance  of  about  36  ft  each  or  a 
parallel  impedance,  Z?,  of  3  ft.  The  trigger  Marx 
gap  inductance,  Lq,  must  be  such  that  t,Q/Zp  is  on 
the  order  of  5  ns.  This  requires  •  trigger  Harx  gap 
with  an  inductance  of  about  15  to  20  nH,  which  oper¬ 
ates  at  85-  to  100-kV  de  and  is  easily  triggered. 

The  final  design  of  the  trigger  Marx  gap  is  shown 
in  Fig.  7>  An  acrylic  sheet  insulator  is  designed 
to  minimise  tracking  within  the  gap.  The  gap  oper¬ 
ates  at  an  SFg  pressure  of  about  60  palg  for  a 
100-kF  charge. 


The  trigger  Marx  stage  capacitors  serve  to  bias  the 
shorted  cable  trigger  generators  at  a  potential 
similar  to  that  of  the  main  Marx  and  to  isolate  the 
main  Marx  stage  voltage  from  ground.  A  2-stage 
trigger  Marx  that  triggers  only  the  first  2  stages 
of  the  12  Marx  modules  is  used  because  initial  tests 
indicated  additional  stages  are  unnecessary.  The 
coaxial  trigger  cable  charge  voltage  is  isolated 
from  the  main  gap  trigger  electrodes  by  sn  "inside- 
out"  trigatron  peaking  gap.  The  peaking  gap  shown 
in  Fig.  8  also  reduces  the  trigger  pulse  risetime 
seen  by  the  main  gap  trigger  electrode  <7  ns  with  a 
Jitter  spread  of  <2  ns.  The  2-stage  trigger  Marx 
is  initiated  by  an  3-stage  ceramic  capacitor  nlcro- 
Marx  generating  a  200 -kV  pulse  with  risetixe  of 
<20  ns  and  a  Jitter  <2  ns.  The  aicro-Marx  is  shown 
in  Fig.  9. 
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Fig.  8.  Trigger  system  peaking  gap. 


Transmission  Lln«  Osslci 

The  water-insulated  transmission  line  system  Is 
shown  in  Fig.  10.  A  parallel-plate  transmission 
line  was  chosen  over  a  coaxial  transmission  line  for 
two  reasons.  First,  the  impedance  can  b«  easily 
varied  by  changing  the  number  and  sise  of  the  par¬ 
allel  plates.  A  large  water  tank  was  designed  to 
hold  the  transmission  line  leaving  a  large  amount 
of  room  for  line  variations.  Secondly,  the  local¬ 


ised  nature  of  the  laser-initiated  plasma  channel 
requires  storing  the  pulse  energy  very  close,  phys¬ 
ically,  to  the  center  line  of  the  pinch  channel  to 
reduce  the  transition  inductance,  A  disk  transmis¬ 
sion  line  with  radial  Herx  current  feed  would  be  the 
optimum  configuration,  but  building  space  limita¬ 
tions  prevented  using  this  design. 

The  desired  characteristics  of  load  geometry  at  the 
end  of  the  water  transmission  line  are  a  minimum 
inductance  configuration,  a  uniform  electric  field 
distribution  in  the  pinch  region,  and  visibility  and 
access  for  diagnostics.  The  present  gas 
load  is  shown  in  Fig.  11. 

Control  System 

The  control  system  for  the  NBZP  experiment  is  com¬ 
pletely  Isolated  using  only  fiber  optic  links  or  air 
links  for  control  or  monitoring  system  operation. 

The  major  types  of  links  are  illustrated  lr.  Fig.  12. 
The  power  supply  voltages,  power  supply  currents, 
and  oapacitor  bank  voltages  are  monitored 
using  the  fiber  optic  link  of  Fig.  12a.  A  voltage 
divider  or  current  monitor  provides  a  voltage  from 
0-10  V  to  a  voltage- to- frequency  converter  that 
modulates  a  US  from  10  Xt  to  10  kHt.  At  the  other 
end  of  a  fiber  optic  cable  the  light  pulses  are  de¬ 
tected  and  converted  back  to  a  voltage/current, 
which  operates  a  standard  trip  meter.  Those  func¬ 
tions  that  do  not  require  precise  time  operation  are 


Fig.  10.  Water- insulated  transmission  line. 


Fig.  12.  ttt?  control  systems. 
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Fig.  13.  KttF  interlock  systea. 


ispleaented  using  compressed  air,  one  example  of 
which  la  shown  in  Fig.  12b.  The  high-voltaga  dump 
and  safety  switches  are  also  actuated  using  air 
links  aa  illustrated  in  Fig.  12c.  The  interlock 
syateas  are  structured  aa  shown  in  Fig.  13.  Saoh 
Iccstlcn  cr  function  requiring  an  interlock  was  de¬ 
signed  to  provide  closure  of  contacts,  energizing  a 
high-intensity  laap.  The  resulting  light  is  con¬ 
ducted  to  the  aain  control  panel  through  a  fiber 
cptic  cable  where  a  phototransistor  pulls  in  a  relay 
if  the  high-intenaity  laap  is  energized.  This 
aethod  is  very  staple  and  has  been  extreaely  reli¬ 
able.  It  is  fall  safe  in  that  a  aal function  pre¬ 
vents  relay  closure  and  inhibits  systea  operation’. 

The  trigger  systea  also  uses  fiber  optic  links  frea 
the  tiae  delay  systea  in  the  screen  rooa  to  various 
systeas  to  be  initiated.  The  trigger  link  syatea 
is  diagraraed  in  Fig.  lb.  The  basic  timing  systea 
consists  of  a  sultichannel  digital  tiae  delay  unit 
that  deterainsa  the  tlalng  sequence  of  the  experi- 
zent.  The  tiae  delay  output  signals  energize  in¬ 
jection  laser  pulsers,  which  produce  ?00-na  light 


pulaee  that  are  conducted  to  the  various  ayateaa  in 
the  MDZF  experiaant  through  fiber  optic  cable.  The 
reoelver-pulae  generators  shown  in  Fig.  lb  produce 
electrical  pulses  at  voltages  from  ?  to  900  Y  with 
10  ns  riaotiaea  and  various  pulse  lengths  and 
shapes.  The  Jitter  of  this  typo  of  trigger  link 
ayatea  is  lets  than  tl  na.  The  syatea  is  extremely 
insensitive  to  the  Urge  amount  of  EMX  present  and 
the  location  of  the  fiber  optic  cable  .n  the  exper- 
iaent  la  thus  not  critical. 

°wntt9n 

Syatea  operation  la  initiated  by  charging  the  Marx 
bank  and  charging  the  trigger  Marx  such  that  they 
reach  the  desired  voltage  simultaneously  in  about 
30  s.  The  control  system  monitors  bank  voltages  and 
sends  a  fiber  optic  trigger  pulse  into  the  screen 
roca  after  disconnecting  the  power  supplies.  The 
digital  tiae  delay  systea  then  energizes  the  appro¬ 
priate  systeas  in  the  proper  sequence.  The  aain 
Marx  is  aractad  to  pulsa  charga  tha  water  line  in 
about  200-600  ns.  At  the  desired  load  voltage  the 
glass  laser  initiates  the  HDZ?  current  channel  and 


r.  tha  daalrad  '.lx  various  diagnostic  lawn  art 
initiatad,  The  Jittar  ia  aractin*  tha  Hint  to 
char**  tha  translation  11a*  la  >10  na.  Tha  watar> 
inaulatad  transmission  lina  uaaa  aalf-braak  watar 
ayitehaa  to  "crowbar"  tha  Harx  bank  and  raduea  tha 
Marx  capacitor  ravaraal.  Tha  ijritN  haa  baan  lasted 
to  a  char  ft  voltafa  of  100  fct  par  ata*a,  although 
tha  harx  syatt*  mi  designed  to  oparata  at  a  charja 
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fij.  Ik.  HfcZP  timing  system. 


voltaf*  of  85  kV  par  atif*  to  allot#  for  various 
fault  aodas.  Tha  KKP  pulat-power  supply  ayataa  la 
illuatratad  In  n*.  15. 

MlTffM 

1.  8.  i.  Pitch,  "Marx  and  Harx-lika  Hi*h-»olta** 
Oanaratora,"  Maxwell  Uba,  Inc.,  IEU  T?ana. 
on  Kuei.  S«i.  M-18,  »  (1971). 


PI*.  15.  Illustration  or  KttP  pulae-pcwer  supply 
ayataa. 
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Abstract 

hagneclc  fields  of  high  Intensity  are  uaually  gen¬ 
erated  by  the  pulsed  discharge  of  capacitor  banka 
through  solenoids.  la  order  to  gaaarata  cha  high- 
ate  fields,  exploding  colla  or  field  compression 
techniques  ara  uaad.  Howevar,  for  experiments  It 
1*  aaianclal  chat  cha  coll  withstand  tha  eleccro- 
dynaalcal  forces.  Thla  la  achlavad  by  employing 
colla  In  which  tha  acraaa  axartad  by  cha  currant 
danaity  and  tha  aagnacie  flald  doaa  not  exceed  cha 
acrangch  of  tha  material  uaad  co  build  cha  coll. 

Tha  currant  danaity  In  chaaa  colla  dapanda  on  cha 
distance  from  tha  cancar,  cha  axcamal  dimensions, 
tha  coll  notarial,  and  cha  temperature.  Todacraaaa 
tha  alaccrical  resistivity  of  cha  aaearlal  cha  colla 
ara  coo lad  co  liquid  nlcrogan  caaperacure.  Tha 
conversion  raca  of  alaccroacaclc  aoargy  co  magnetic 
flald  anargy  la  such  aaallar  than  in  standard  colls 
vlch  unifora  currant  danaity  or  In  Slttar  colla. 

To  lead  a  coll  ganaraclng  a  flald  with  Intensity  of 
600  kG  requires  high  energy  capacitor  banka  (In 
the  range  ofO.SKJ).  The  details  of  acraaa  ealcu- 
lacicn*  and  currant  distribution  In  large  solenoids 
are  presented  In  tha  paper.  Also  prasantad  ara  tha 
details  of  axparlaanta  on  tha  durablltiy  of  sole¬ 
noids  in  external  sagnetic  field.  Tha  axparlaanta 
and  calculations  ara  uaad  co  build  a  coll  producing 
a  high  sagnetic  flald. 


ANALYSIS  Or  A  DISTRIBUTED  PULSE  POWER  SYSTEM  USING  A 
CIRCUIT  ANALYSIS  COOE 
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.Ahuraci 

A  sophisticated  compute r  cod*  (SCEPTRE), 
use*  to  analyze  electronic  circuit*,  wa*  used  to 
evaluate  the  performance  of  a  large  flaah  X-ray 
machine.  This  device  was  considered  to  he  a 
transmission  line  whose  impedance  varied  with 
position.  This  distributed  system  was  modeled 
by  lumped  parameter  sections  with  time  constants 
of  1  ns.  The  model  was  used  to  interpret  vol¬ 
tage,  current,  and  radiation  measurements  in 
tens  of  diode  performance.  The  effects  of  tube 
impedance,  diode  model,  switch  behavior,  and 
potential  geometric  modifications  were  deter¬ 
mined.  The  principal  conclusions  were  that, 
since  radiation  output  depends  strongly  on 
voltage,  diode  impedance  vas  much  more  important 
than  the  other  parameters,  and  the  charge  vol¬ 
tage  must  be  accurately  known. 

INTRODUCTION 


analysis  codes  such  at  SCEPTRE,  NET- I I ,  etc., 
the  puls*  power  system  designer  hat  a  new  and 
powerful  analysis  tool  for  predicting  the  per¬ 
formance  of  pulse  power  devices.  Conceptually, 
the  pulse  power  system  is  modelled  with  lumped 
parameter  transmission  line  sections  in  which 
the  time  delay  per  section  is  small  compared  to 
the  time  constant  of  interest  in  the  system. 
This  concept  implies  that  the  pulse  pow«r  system 
can  be  represented  by  a  one-dimensional  struc¬ 
ture;  that  is,  effects  due  to  a  change  in  direc¬ 
tion  of  the  electromagnetic  wave  are  ignored. 
This  paper  presents  the  methodology  used  to 
construct  such  a  model  for  a  large  DC-charged, 
flash  x-ray  machine.  The  use  of  this  model  to 
interpret  measured  waveforms  and  evaluate  pos¬ 
sible  modifications  is  described.  Finally,  the 
principal  conclusions  reached  by  this  analysis 
are  presented. 

MODEL  DEVELOPMENT 


The  prediction  of  overall  performance  of 
complex  pulse  power  devices  is  required  for 
achieving  optimum  design,  identifying  problems 
that  arise  during  operation,  and  for  evaluating 
proposed  modifications.  Rather  simple  analysis 
techniques  may  be  used  if  the  transit  times  or 
the  structure  are  small  compared  to  the  rise 
time  or  pulse  length.  However,  in  most  cases, 
the  rise  time/pulse  length  is  comparable  to  the 
transit  time  of  the  structure  and/or  its  dis¬ 
continuities  .  Such  systems  have  been  treated  as 
a  series  of  transmission  lines  with  capacitances 
added  at  the  discontinuities^.  Such  techniques 
are  tedious  and  lack  credibility  if  the  struc¬ 
ture  is  complex.  With  the  advent  of  network 


Figure  1  shows  a  cross-sectional  view  of 
the  flash  x-ray  machine.  The  energy  is  stored 
in  a  33-foot  long  high  pressure  gas  insulated 
transmission  line  (  Zg  >  42  ohms).  This  line  or 
coaxial  capacitor  is  charged  to  approximately  10 
Megavolts  by  a  van  de  Graaff  generator.  A  2-foot 


Figure  1.  Crossection  of  Flash 
X-Ray  Machine 
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spark  gap  is  used  to  switch  the  energy  into  the 
field  emission  diode  via  a  traded  insulator 
which  separates  the  vacuus  sad  high-pressure 
regions.  The  diode  is  located  at  the  end  of  a 
S-foot  lonf  vacuus  traasaissioa  line.  Figure  2 
presents  the  impedance  of  this  system  as  a 
function  of  distance  along  its  axis. 


figure  2.  Impedance  as  a  Function 
of  Discaacc  Along  Flash 
X-Ray  .Machine 

Impedance  is  calculated  at  each  foot  or  1- 
nanosecond  segment  using  the  fonsula  Zl*40  lq_b/a 
where  b  refers  to  the  outer,  and  inner  radii 

M  « 

of  the  line.  The  charging  column  is  ignored  in 
the  analysis  since  it  is  highly  resistive.  The 
switch  area  is  not  modelled  as  a  transmission 
line  because  it  is  only  2  feet  long,  which  is 
small  compared  to  the  expected  rise  time.  Each 
l-nanosecond  section  of  the  system  was  modelled 
by  a  low-pass  constant  K,  T-section  as  shown  in 
figure  3.  The  switch  was  modelled  by  a  series- 
connected  inductance  and  resistance.  Ac  time 
zero  the  voltages  on  all  capacitances  associated 
•'tth  the  coaxial  capacitor  were  set  to  10  aega- 
volcs  and  the  voltages  on  all  other  capacitors 
were  set  to  0. 
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Figure  3.  Limped  Parameter 
Representation  of 
Transmission  Line 


This  physical  model  was  transformed  into  a 
network  model  by  identifying  each  node  with  a 
number  and  specifying  the  location  of  each 
circuit  element  by  pairs  of  node  numbers. 
Voltages  or  currents  are  defined  as  occurring 
across  a  circuit  element.  One  of  the  advantages 
of  using  this  type  of  code  is  that  diagnostic 
measurements  can  be  specified  at  places  thet  are 
normally  inaccessible  for  physical  measurement! 
hut  which  are  important  for  understanding  the 
operatiee  of  the  system.  For  example,  the 
voltage  across  the  field  emission  diode  can  be 
specified  in  the  code  whereas  the  actual  voltage 
measurement  must  be  made  tome  distance  away 
because  of  physical  limitations. 

The  SCEPTRE  code  has  a  feature  that  allows 
simple  functions  to  be  calculated  aa  the  network 
is  being  analyzed.  In  this  case,  the  instan¬ 
taneous  diode  power,  total  energy,  and  radiation 
production  were  calculated.  Radiation  produc¬ 
tion  was  calculated  uiing  the  following  equa¬ 
tion2. 

Dose  Rate  «  D  «  1.09  x  103  (R/sec  ?  1  m) 

V  x  Diode  Voltage  in  .Megavolts 
I  »  Diode  Current  in  Amperes 

This  dose  rate  was  then  Integrated  to  give 
a  number  chat  could  be  compared  with  measure¬ 
ments  made  uiing  thermal  luminescent  dosimeters 
(TLD's).  Since  most  of  the  data  on  the  machine 
was  in  the  form  of  TLD  measurements,  this  capa¬ 
bility  was  extremely  useful  in  comparing  che 
results  of  the  code  with  the  machine  perfor¬ 
mance. 

A  number  of  alternative  models  for  the 
field  emission  diode  were  used.  The  simplest 
was  a  resistor  Chat  represented  che  tube  impe¬ 
dance.  .More  complex  diode  models  included 
several  models  from  the  SCEPTRE  code  as  well  as 
a  space-charged  limited  diode  representation. 
In  che  latter  case,  the  current  is  given  by 

3/-> 

I=KV  “  where  K  is  the  perveance. 

RE5ULTS 

Figure  4  shows  the  waveforms  at  four  dif¬ 
ferent  points  along  the  cathode  shank.  The 
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Figure  4.  Voltage  Waveforms 

Along  Cathode  Shank 


first  wave  for*  (^qq^)  i*  **■  the  switch  elec¬ 
trode.  The  second  vavefoni  is  the  voltage  that 
would  be  present  on  the  cathode  shank  as  it 
enters  the  vacuum  transmission  line.  The  third 
waveform  is  the  voltage  that  would  be  measured 
by  the  capacitive  probe  located  in  the  trans¬ 
mission  line.  The  final  waveform  is  the  voltage 
across  the  field  emission  diode  which  is  modeled 
in  this  case  by  a  space-charge  limited  diode. 
The  ringing  associated  with  a  large  impedance 
mismatch  at  the  switch  electrode  can  be  seen  in 
the  first  waveform.  This  is  progressively 
attenuated  as  the  wave  travels  to  the  diode. 

Figure  5  shows  some  of  the  other  waveforms 
associated  with  the  simulation.  Figure  Sa  shows 


Figure  5.  Waveforms  Associated 

With  Flash  X-Ray  Machine 
Simulation 


the  diode  current  which,  in  this  case,  is  a 
nonlinear  function  of  the  voltage  at  described 
above.  Figure  5b  shows  the  instantaneous  diode 
impedance  at  a  function  of  time.  Note  that  the 
impedance  is  relatively  constant  during  the  main 
portion  of  the  pulse.  Diode  power  and  dose  rate 
are  shown  in  figure  5c  and  5d. 

The  initial  calculations  performed  using 
this  model  resulted  in  waveforms  that  were 
similar  to  those  measured  on  the  flash  x-ray 
machiuc  but  predicted  radiation  doses  that  were 
three  to  four  times  higher  than  those  measured 
and,  in  fact,  were  close  to  the  design  values. 
Therefore,  a  set  of  parametric  calculations  was 
performed  to  investigate  the  effects  of  varying 
switch  parameters,  tube  impedance,  and  geometric 
modifications.  The  switch  resistance  was  varied 
between  0.1  and  10  ohms  and  the  switch  induc¬ 
tance  was  varied  between  500  and  1000  nano¬ 
henry's.  The  integrated  dose  did  not  change 
significantly.  Consequently,  poor  switch  per¬ 
formance  was  not  considered  to  be  the  problem. 
Next  the  tube  impedance  was  varied  from  25  to 
200  ohms  and  the  impedance  of  the  stub  or  vacuum 
transmission  line  was  varied  between  35.6  and 
160. &  ohms,  corresponding  to  cathode  shank 
diameters  between  16  and  2  inches.  Figure  6 
shows  the  effect  of  the  tube  impedance  and  stub 
transmission  line  lmpcdsnce  on  the  dose  at  one 
meter.  The  dose  versus  impedance  curves  for  4, 
6,  8,  and  12- inch  diameter  cathode  shanks  are 
evenly  spaced  between  the  curves  for  2  and 
16-inch  shanks.  Not  all  of  the  points  on  the 
curve  are  physically  realizeable.  Studies  at 


Figure  6.  Effect  of  Diode  and 

Stub  Impedance  on  Dose 


3 

Sandia  Laboratories  have  shown  that  the  diode 
terpedsnce  is  approximately  one-half  of  the  stub 
impedance.  The  circles  shown  on  figure  6  are 
the  points  where  the  diode  impedance  Is  half  the 
stub  impedance.  In  an  effort  to  experimentally 
optimize  performance,  cathode  shanks  that  con¬ 
tained  sections  of  different  diameters  were 
tried.  In  fact,  one  of  the  highest  measured 
doses  used  a  3.5-iach  diameter  shank  with  a 
JO- inch  long  1-lnch  diamter  section  in  the  diode 
region.  Such  configurations  would  combine  the 
positive  advantages  of  the  low  impedance  stub 
with  those  of  the  high  impedance  diode.  Figure 
6  demonstrates  that  the  possible  improvement  in 
dose  is  ouch  greater  for  variations  in  diode 
Iapedance  than  for  variations  in  stub  impedance. 

The  effect  of  stub  and  tube  impedances  was 
also  calculated  using  the  space-charge  limited 
diode  model.  These  calculations  essentially 
confirmed  the  earlier  ones  using  the  cossstant 
resistance  diode  model  but  are  more  difficult  to 
Interpret  because  of  a  lack  of  intuitive  under¬ 
standing  of  the  concept  of  pervcance. 

Several  modifications  to  the  geometry  of 
the  flash  X-ray  machine  were  proposed  in  order 
:o  avoid  reflections  in  the  region  surrounding 
the  graded  insulator.  The  impedance  changes  for 
these  modifications  were  shown  in  figure  2.  As 
the  flash  x-ray  machine  was  originally  built, 
the  impedance  could  be  as  high  as  175  ohms  at 
the  base  of  the  cathode  shank.  The  use  of  a 
cone  on  the  cathode  shank  in  combination  with  a 
new  tank  liner  could  reduce  the  maximum  impe- 
iancc  to  about  100  ohms  which  is  close  Co  opti¬ 
mum.  The  effect  of  these  modifications  is  shown 
in  figure  7  where  the  dose  is  plotted  versus 
tare  impedance  for  the  four  configurations, 
.nspection  of  the  waveforms  indicated  that  these 
modifications  reduced  the  ringing  considerably 
but  the  total  dose  was  not  significantly 
.hanged. 

The  analysis  described  above  could  not 
identify  a  reason  for  the  factor  of  3  or  4 
decrease  in  radiation  output  in  this  flash  x-ray 
machine.  One  explanation  for  the  low  output  is 
that  the  charge  voltage  is  low.  If  the  diode 
current  is  proportional  to  voltages,  and  the 


Tigure  7.  Effect  of  Geometry 
on  the  Variation  of 
DmmeiVitb  Impedance 

radiation  output  ia  proportional  to  V2.7I,  a  25 
to  30%  decrease  in  charge  voltage  reduces  the 
radiation  output  by  a  factor  of  3  or  4.  Sub¬ 
sequent  tn  this  analysis,  experimental  electron 
beam  studies  confirmed  that  such  errors  probably 
existed. 

CONCLUSIONS 

This  study  has  demonstrated  that  a  network 
analysis  code  like  SCIPTRE  can  be  a  very  useful 
tool  for  gaining  an  understanding  of  a  complex 
pulse  power  device  such  as  a  large  flash  x-ray 
machine.  The  effects  of  the  stub  impedance, 
switch  behavior,  and  geometric  modifications 
were  of  relatively  minor  importance  compared  co 
the  diode  impedance.  Since  the  radiation  output 
depends  on  the  fourth  power  of  the  diode  vol¬ 
tage,  diode  impedance  is  much  more  important 
than  other  parameters.  The  major  discrepancy 
between  the  measured  and  predicted  results  could 
be  explained  by  a  25  to  30%  error  in  the  charge 
voltage  calibration. 
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Abstract 

Resistive  and  capacitive  voltage  monitors  for  aelf- 
aagneclcally  insulated  llnaa  Hava  baan  found  to  ba 
unsatisfactory.  However,  1:  it  known  that  the 

boundary  currant  I-  and  coral  currant  X-  ara  ralacad 

.1*2  x 
co  lina  voltage  V •  and  cha  total  and  boundary 

currant  can  ba  uaad  co  lnfar  cha  voltage.*^ 

In  chit  presentation  va  show  relatiooahlpa  betvaan 

V,  Xj.  and  which  ara  fairly  inaanaiclva  to  the 

canonical  momentum  dlacribuclon  of  flowing  alaccrona. 

Using  chase  relations  va  conclude  that  cha  voltage 

can  ba  calculated  iron  ly  and  Ig  with  nodaraca 

accuracy  with  no  knowledge  about  the  particular 

flow  involved,  and  quite  accurately  if  only  two, 

experimentally  determined  parameters  are  known. 

Tht  inferred  voltage  waveforms  will  ba  compared  to 

experimental  voltage  data. 


It  has  baan  found  experimentally  that  voltage  moni¬ 
tors  placed  across  magnetically  insulated  flows  lead 
to  appreciable  losses  due  co  disruption  of  electron 
flow  and  to  problems  with  surface  flashover  of  the 
monitor  itself.  It  is  readily  proven  chat  the  elec¬ 
tric  field  at  the  anode  is  related  co  the  anode  and 
cathode  currents  (Fig.  1),  and  not  directly  to  line 
voltage.^  However,  there  is  some  relationship 
between  anode  current,  cathode  current  and  line 
voltage,^  and  we  wish  co  show  here  that  line  voltage 
can  be  calculated  from  these. 

Figure  1  shows  a  schematic  of  the  flow  and  the 
expressions  which  will  be  used  in  the  calculations. 
The  subscripts  A,  S,  and  C  refer  to  the  anode,  the 
edge  of  the  current  sheet  and  the  cathode  respect¬ 
ively.  Tht  current  in  the  electron  flow  plus  the 
current  in  the  cathode  Ic,  add  up  to  that  in  the 
anode,  1^.  In  reference  1  it  is  assumed  that 


Z««  *  B,52*A 

^  •  Cathode  Current  /  UM  Wctn 
2^»  Anode  Current  /  Unt  Wctn 

Boundary  Cirrent  (fetal  Cotnode  Currerx) 

I,  •Toed  Current  (fetoi  Aroot  Current) 

Figure  1  Geometry,  end  term  definition  in  magne¬ 
tically  Insulated  flow. 

a  spread  in  canonical  momentum  is  introduced  by  th> 
feed  transition.  It  is  found  in  reference  1  and  in 
subsequent  calculations  that  the  thickness  para¬ 
meter  is  given  by 


X, 


Ar^r 


where  A  is  at  most  slowly  dependent  upon  In 
addition  it  was  found  that 


I 

I 


A 

C 


1 


Bf' 


s 


where  B  is  also  at  most  slowly  dependent  upon 
Pressure  balance  (since  there  is  no  flow  of  parti¬ 
cles  co  anode  or  cathode)  demands  that 
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"A 


■» 


whet*  v*  have  assumed  £«  «  0  (I.*,,  spec*  chart* 
United  electron  flow),  putting  chi*  In  our  •mit- 
1***  fora  and  using  ch*  relationship 


>.  *  <*a 


V£A 


In  unities*  fora: 


-  >.  ■  <*A  -  V  >f(¥)  '  -  1 


All  of  :hl*  can  be  conblntsd  to  yield 


*A 


i,rcXA 


where  Ij  art  ch*  experiaencally  aeasured  cocal 

and  boundary  currant*,  and  t  1*  ch*  geoaacrlc  lln* 

** 

factor.” 

V*  now  n««d  to  know  A  and  3  to  be  abl*  to  |«c  4^ 

froa  ch*  line  currant*.  Fifur*  2  shows  ch*  valu«* 

if  A  y*r*u*  4  for  laalnar  or  parapocanciai  (PR) 

•>  1  1 
flow,*  for  guasi-laaiaar  flow  {(J-L) ,  and  for 

s«v*ral  aoaencua  spreads  using  r*ccan|ular  aoaencua 

distribution  functions  «xc«ndin|  froa  z*ro  canonical 

nostncua  to  -fl  in  unit*  of  a^C.  That*  w«r«  calculated 

by  the  cecuods  of  r*f«r«nc*  1,  and  ch*  parabolic 

discribucions  us*d  in  chac  paptr  glvu  siallar  curvt* 

for  A(4  ).  It  uould  b*  posilbl*  to  statute  ch* 

*  5 

nonencun  discribucions  and  dcccrain*  A(*>  )  or  pos¬ 
sibly  to  find  a  suitable  A(4  )  directly  for  a  given 
lln*  configura- 


Figur*  2  Tha  parameter  A(4#)  «  7  ?or 

laalnar  (PR),  guasi-laainar  and  float 
with  several  aoatntua  spread*. 


cion  by  Maturing  lin*  current*  and  voltages  in  an 
tsperiatoc  da*i|n«d  for  chac  purpoe*.  Far  typical 
parasMtar*  of  1^/1-  *  2,  a  choic*  of  A  •  1  giv* 

<  122  unc«rtainty  in  4^  for  0.1  <  A  <  1.2. 


Figur*  3  show*  3(4^)  for  ch*  • 


flow*  aa  Fig.  2. 
ocua  ipmd  of  0.1  ac 


Claarly  *von  a  saall 
eaua**  I  to  b«  appreciably  diff*r*nc  froa  1.  A 
c operational  nodal  which  Is  being  weed*  eo  lnvesci- 
gat*  f««d  transition*  find*  very  saall  aoaantua 
spreads  (■  10  *  ac).  On  eh*  ochar  hand,  if  the 
E-fleld  lines  ar*  circular  s«ga*ncs  noraal  to  ch* 
electrodes  ac  each  and,  on*  would  expect  aoaencua 
spreads  on  the  order  of  ac  for  typical  f*«d  transi¬ 
tions.  The  fact  is,  ac  pr*s«nc  w*  do  noc  know  how 
large  ch*  spread  is.  However,  cher*  is  a  fortuitous 
situation  which  allows  us  eo  calculate  volcage  with 
sufficient  accuracy.  Th*  expression  for  4^  consists 
of  two  parts.  Th*  first  part  is  lnd*p«nd*nt  of 
1  (and  A).  For  typical  parameters  (say  ly/Ij  "  2, 

"  3)  ch*  first  t*ra  has  th*  value  of  3.2.  For 
3  -  1,  ch*  second  cans  is  -1.45,  for  3  -  1/2. it 
is  -1.46,  and  for  3  «  1/3  it  is  -1.24.  This,  we 
*xp«ct  **  102  accuracy  if  u*  us*  3*1,  which  us  shall 
wlch  ch*  forchcoalng  daca. 

Figures  4a  and  4b  show  daca  froa  ch*  HITS  syscca  ac 
Sandla.  In  Figure  4a  is  shown  I^/I^  and  Ig/I^-g 
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Figure  A  The  deem  xg  “  Ij/IQg  »°d  I^/Ij  vereue 
:1m  for  she  input  (station  1)  and  out¬ 
put  (station  2)  of  the  unlfone  section 
of  the  Mite  magnetically  insulated  line 
for  the  saae  experimental  shot. 

at  the  beginning  of  the  uniform  section  of  line, 
i.a.,  just  after  the  feed  transition.  Figure  Ab 
are  the  saae  measurements  just  before  the  load 
transition  at  the  end  of  the  unlfora  section.  Note 
that  there  is  a  fair  aaouat  of  difference  between 
the  two  sets  of  data.  Figures  5a  and  5b  show  the 
line  voltages  as  calculated  froa  Aa,  Ab  along  with 
the  aeasured  input  voltage  (tiae  shifted).  The 
agrecaent  is  well  within  expected  error.  The 
disparity  in  the  late  tiae  5a  data  is  expected  as 
the  flow  is  aos cly  in  the  electrodes  in  the  first 
part  of  the  line,  and  since  the  voltage  depends 
upon  L_  -  Ij,  large  errors  are  introduced. 


Figure  5  The  voltages  calculated  froa  the  data 
in  Figure  A  ccapared  to  aeasured  input 
voltage.  The  sharpening  of  the  voltage 
front  at  station  2  is  real  and  expected. 

Figure  6  shows  siallar  data  for  the  Physics  Inter¬ 
national  tri-plate  line  experiment. ^  Mere,  however, 
the  voltage  on  the  load  is  aeasured  close  to  the 
current  aonitoro.  The  agreeaent  is  again  well  within 
expected  error. 


Figure  6  Calculated  and  aeasured  voltage  at  the 
load  in  the  Physics  International  tri¬ 
plate  line  experlaent. 

He  have  shown  that  the  voltage  on  magnetically 
insulated  lines  can  be  calculated  froa  line  current 
data  with  sufficient  accuracy  for  most  applications 
without  special  knowledge  of  the  particular  flow. 
With  experimentally  determined  parameters  A  and  B, 


additional  accuracy  say  ba  avallabla.  Tixia  allavl- 
acaa  cha  lo*a  problana  pravloualy  aaaa  with,  eraaa- 
lina  vol:a|*  aonicora. 
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Abstract 

Tha  requirements  for  gtnarailng  half  sin*  wavai 
of  current  having  amplltudaa  ovar  a  ranga  of 
36  kA  at  voltages  up  to  1.6  kV  ara  balng  mat 
through  tha  davatopmant  of  a  compact,  critically 
dampad  LCR  dlscharga  ayilam  containing  0.75F 
capacitanca,  which  can  stora  up  to  60,000J  of 
anargy.  Tha  system  comprises  fiva  cartmountad, 
alactrlcally  liolatad  capacitor  banks,  aach  contain¬ 
ing  0.15F  capacitanca  and  chargaabta  to  a  nominal 
valua  of  400V,  which  Is  controllad  by  a  multl- 
alamani  SCR  switch  and  can  ba  dlschargad 
through  inductors  and  raslstors  to  provlda  one- 
half  of  a  60-cycla  sinusoid  at  paak  currant  valuas 
up  to  36,000a.  Circuit  daslgns  ara  prasantad  for 
tha  Isolation  and  status  Indication  of  aach  of  tha 
500  capacitors,  for  Invarsa  dlodas  to  protact  tha 
polarizad  capacitors  from  ravarsa  racovary  voltaga 
experiments  parformad  aftar  tha  main  capacitor 
bank  dlscharga,  and  for  protacllon  of  the  capac¬ 
itors  from  overvoltage  conditions. 

Introduction 

GTE  Laboratories  has  recently  constructed  a  High 
Energy  Electrical  Test  Facility  which  includes  a 
Primary  60  Hz  Test  Laboratory  providing 
14.5  MVA  short-circuit  testing  capability  and  a 
Synthetic  Tast  Facility  powered  by  tha  high- 
energy  capacitor  discharge  system.  Tha  Synthetic 
Test  Facility  Is  used  as  a  research  tool  to  investi¬ 
gate  arcing  phenomena,  including  arc  interaction 
with  electrode  materials,  arc  quenching  and 
current  limiting  techniques.  This  paper  describes 
technical  considerations  that  led  to  tha  design  of 
this  versatile  pulse  current  generation  system, 


component  selection  and  construction  details- 
Technical  Considerations 

Available  floor  space,  floor  loading,  cos;  and 
delivery  ruled  out  oil-filled  paper  capacitors  that 
ara  found  in  many  energy  storage  capacitor 
banks.  Electrolytic  capacitor  manufacturers  were 
consulted  to  determine  off-shelf  availability, 
capacity  per  unit  volume  for  the  highest  voltage 
available,  field  experience  with  high-peak  current 
discharge  units  and  cost.  The  Mallory  HES  series 
1500  mF/450  working  volt  electrolytic  capacitors, 
having  an  equivalent  series  resistance  (ESR)  of 
0.050  were  selected,  bused  upon  their  capability 
of  providing  1  kA  dlscharga  currants  and  their 
proven  performance  at  the  Lawrence  Livermore 
Laboratory,  where  over  50,000  units  are  contained 
in  various  configurations  of  energy  storage 
capacitor  banks.  The  following  parameters  may 

e 

be  derived  for  a  system  of  five  such  racks,  each 
containing  100  capacitors  operating  at  400V: 


FIVE 

IN 

SERIES 

FOUR  IN 
SERIES/ 
PARALLEL 

FIVE  IN 
PARALLEL 

Energy 

60  kJ 

46  kJ 

60  kJ 

Capacitance 

0.03F 

0.15F 

0.75  F 

'peak 

20  kA 

40  kA 

100  kA 

Voltage 

2000V 

800V 

400V 

Although  the  above  values  hold  for  the  design  of 
the  capacitor  bank,  It  must  be  noted  that  for  the 
generation  of  a  half-wave  current  sinusoid  of 
critically  damped  oscillations,  having  a  leading 
edge  dl/dt  approximating  60  Hz  operation,  the 
constraints  of  voltage  and  LCR  circuit  parameters 


Mi 


limit  the  resulting  discharge  current  as  shown 
below.  A  set  of  equations  was  derived  for  the 
critically  damped  case  from  which  the  discharge 
current,  critical  inductance  and  damping  reels* 
tance  are  determined  for  a  given  voltage  and 
capacitance: 


Operating 

Voltage 

(V) 

Capaci¬ 

tance 

m 

Peak 

Oischarge 

Current 

(kA) 

Critical 

Induc¬ 

tance 

(pH) 

Oamplng 

Resis¬ 

tance 

(0) 

400 

0.75 

45 

16.4 

0.0046 

400 

0.6 

36 

20.5 

0.0061 

400 

0.3 

18 

41.1 

0.012 

soo 

0.15 

18 

82.2 

0.2S 

1600 

0.0375 

9 

328 

0.098 

Circuit  Oeslqn 

Major  circuit  design  considerations  influencing 
safety  to  personnel  and  equipment  are: 

1.  Isolation  of  a  shorted  capacitor  from  the 
network  to  prevent  discharge  of  99  or  more 
parallel-connected  capacitors  through  It  (with 
possibly  disastrous  results). 

2.  Protection  of  series-connected  banks  of 
capacitors  from  overvoltage. 

3.  Protection  of  the  polarized  capacitor  banks 
from  the  reverse  polarity  voltages  Impressed 
across  the  device  under-test  during  recovery 
(reverse)  voltage  experiments  after  the  dis¬ 
charge  of  the  main  capacitor  bank. 

individual  fuses  or  exploding  wires  to  protect 
each  capacitor  were  ruled  out  in  favor  of  the 
10  kO  charging  resistors  shown  in  figure  1, 
which  provide  isolation  during  the  charging  cycle. 
The  superposition  of  100  to  10,0000  resistors, 
eacn  in  series  with  a  1500  mF  capacitor,  provides 
an  equivlent  RC  charging  time  constant  of 
(400  *  100)  x  0.15  a  75s.  An  individual  dis¬ 
charge  diode  couples  each  capacitor  into  a  common 
external  toad  and  blocks  the  possible  interaction 
from  adjacent  capacitors  in  the  event  of  a 
capacitor's  short-circuit. 


Protection  from  overvoltage  conditions  is  shown  in 
Figure  2.  Two  zener  diode  assemblies,  each 
rated  at  180V/350W,  are  connected  In  series 
across  the  output  of  each  capacitor  rack.  In  the 
event  of  unbalances  within  the  racks,  the  opera¬ 
tion  of  the  zener  diodes  In  the  operational  rack(s) 
limits  voltage  to  360V  to  315V  and  prevents  over- 
stressing  the  capacitors. 

Figure  3  shows  a  simplified  schematic  of  the 
Synthetic  Test  Facility,  It  consists  of  a  forward- 
current  generator  (the  high  energy  capacitor 
bank,  Cl)  and  a  low-energy  recovery  voltage 
generator  that  produces  a  reverse  voltage  across 
the  devlca-under-test  at  a  controllable  time  after 
the  termination  of  current  flow  from  the  forward- 
current  generator.  Protection  and  awareness  of 
inverse  diode  techniques  are  well  known  In  pulse 
modulator  design.  To  protect  the  polarized 
capacitors  from  reverse  voltages,  the  following 
are  provided:  a)  three  parallel-connected  1N329SR 
diodes  are  connected  across  the  output  terminals 
of  each  of  the  five  racks,  b)  a  diode  Is  connected 
from  the  SCR  cathodes  to  ground,  and  c)  a  diode 
is  connected  across  the  discharge  reactor  LI  and 
damping  resistor  R2. 

Component  Selection 

Three  parallel-connected  SCR's,  type  NL-602L, 
enable  a  total  peak  current  of  18  kA  to  be 
switched.  Three  additional  SCR's  will  be  Installed 
later  this  year  to  extend  the  current  switching 
capacity  to  38  kA.  Four  82  pH  Inductors  made  of 
3/0  welding  cable  are  pancake  wound  (20  in.  I.O. , 
32  In.  O.O.)  and  sandwiched  between  sheets  of 
plywood  provide  the  discharge  Inductances.  The 
discharge  isolation  diodes  for  each  capacitor  arc 
6053  epoxy  diodes  and  the  main  Inverse  diodes 
are  OE  type  A197P.  The  damping  resistor,  R2,is 
made  of  various  lengths  of  1  in  x  8.9  mil  thick 
Tophet-A  resistive  ribbon.  A  neon  pilot  light  in 
parallel  with  the  discharge  diode  will  glow 
continuously  if  its  respective  capacitor  shorts.  If 
an  isolating  diode  shorts,  then  its  neon  bulb  will 
not  glow  during  the  charging  cycle.  Thus  the 
"health"  of  each  element  in  the  system  can  be 


rlgur*  2.  Synthetic  Test:  Simplified  Schemetic  for  Forward  Voltage, 
High  Current  Discharge  Circuit 
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Figure  3.  Simplified  Schematic  of 
Symbolic  Tost  Fodllty 


obsorvtd  in  *  very  simple  menner  during  end 
after  the  cherglng  cycle.  Two  lerge  parallal- 
connecied  input  and  output  banana  plug  jacks  on 
each  capacitor  rack  accept  welding  cable  to 
connect  similar  connectors  on  the  SCR's  the 
inductors  and  the  4  In.  x  1/4  In.  copper  busses 
feeding  the  test  cell. 

Construction  Oetails 

Each  welded  aluminum  frame  Is  85  In.  H  by  by 
20  in.  W  27  in.  Of  is  on  casters,  weighs 
approximately  300  lbs,  Is  seven  tiers  high, and 
contains  three  shelves  with  five  capacitors 
mounted  on  each  shelf.  The  upper  left  shelf 
contains  a  Plexiglas  housing  with  an  exhaust  fan 
to  cool  the  zener  diodes,  three  Inverse  diodes, 
and  an  air-flow  thermal  interlock.  Individual 
networks  containing  the  isolation  charging 
resistors,  discharge  diodes,  neon  bulbs  and 
voltage  dropping  resistors  connect  between  the 
negative  terminal  of  each  capacitor  and  a 
horizontal  bus  within  the  rack.  The  capacitors  are 
mounted  on  aluminum  shelves  in  the  present 
equipment.  Phenolic  shelves,  however,  would  be 
preferred  to  obviate  concern  for  shorts  between 
the  insulated  capacitor  cans  and  ground. 

Figure  4  shows  tha  SCR's  at  the  lower  left,  the 
inductors  on  the  left  and  far  walls,  and  the 
capacitor  racks  on  the  right  in  a  room  having  a 
f'oor  area  of  3  x  10  ft.  Current  viewing  at  the 
test  cell  is  provided  by  a  T&M  Research  Products, 
"r»c.  nonmductive  current  viewing  shunt.  Arc 
voltage  is  viewed  by  means  of  a  conventional  RC 
voltage  divider. 


Figure  4.  View  of  Vault  Containing  the  Capacitor 
tank,  Inductors  and  SCR  Switch 
Interconnections 

Conclusion  ® 

To  date,  arc  studies  have  been  performed  over  a 

range  of  0.2  to  14  kA  discharge  currents  at  100V 

to  600V  through  the  use  of  1  to  4  racks  of 

capacitors  and  various  series/parallel  combinations 

of  inductors.  Higher  values  of  voltage  and  # 

current  are  expecti-  to  be  utilized  later  in  the 

year. 
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Abstract 

—  a 

A  unique  low  1  ape  dine*  trigger  generator  haa 
been  developed  which  can  ganacata  130  kV  pulses 
having  22  na  rlaatla*  in  four  30  oh*  output 
cable*.  This  generator  uaaa  a  aultlchannal 
rail-gap  twitch  to  diacharg*  a  group  of  low 
inductance  capacitors  which  are  charged  to 
ISO  kV  into  the  output  cablet.  The  performance  ’* 
of  tha  circuit  was  analysed  using  a  computer 
and  successfully  predicted  the  behavior  of  the 
circuit.  Time  jitter  between  input  trigger 
and  output  pulse  is  leas  than  2  na  (one  stand¬ 
ard  deviation).  The  unit  is  iasarsed  in  oil 
in  its  own  metal  housing. 

Introduction 

Xigh  voltage  trigger  generators  are  used  extensively 
to  trigger  various  types  of  switching  devices 
including  spark  gap  switches.  Typically,  trigger 
generators  for  these  applications  range  in  output 
voltage  from  10  kV  to  300  kV  with  rlaetinee  varying 
from  lass  than  10  ns  to  several  hundred  na. 

We  will  start  with  a  brief  description  of  trigger 
systems  and  then  present  a  detailed  description  of 
a  recently  developed  trigger  aystes. 

Trigger  generators  can  be  divided  into  several 
classes  as  listed  below: 

a.  Charged  cables 

b.  Single  stage  charged  capacitors 

c.  Multiple  stage  charged  capacitors 

d.  Pulse  transformer 

Bath  of  these  classes  will  '  Uscussed  and  a 
particular  design  of  -  e-stage  charged 

capacitor  class  w*  .  if,  <d  in  detail. 


Charted  Cable 

As  shown  la  Figure  1,  a  charged  cable  trigger 
generator  conalsts  of  a  length  of  cable  which  is 
electrically  charged  to  some  potential  Vp  by  a 
power  supply.  When  switch  is  dosed,  pulse 
, travels  along  the  cable  fram  Sj  to  the  output  end. 
(When  the  voltage  pulae  reaches  the  end  of  the  cab! 
the  open  circuit  output  voltage  changes  by  -IV^. 
'Msetime  of  the  output  pulse  is  determined  by 
switch  inductance  and  cable  impedance.  Charged 
-cable,  ayatena  are  probably  the  least  complex  and 
simplest  type  of  trigger  generator  to  build,  but 
they  suffer  from  problems  of  cable  life  as  a  result 

of  the  dc  charge  potential  and  1005  voltage  reversal 

#  «• 

This  class  of  generator  is  often  built  with  multiple 
charged  cables  feeding  multiple  loads  but  switched 
by  a  single  switch.  Also,  as  shown  in  Figure  1,  a  dc 
blocking  capacitor  can  be  used  in  those  applications 
which  do  not  permit  the  dc  potential  to  be  applied  to 
the  output  load.  Time  jitter  values  leas  than  3  ns 
can  be  obtained  with  this  class  of  generator. 

Sintle-Scate  Charted  Capacitor 
Figure  2  shows  a  single-stage  charged  capacitor 
trigger  generator.  Xn  this  case,  the  initial  poten¬ 
tial  Vq  is  stored  on  the  capacitor  C  and  discharged 
into  the  output  cable  by  switch  5^.  The  open  circuit 

output  voltage  at  the  load  end  of  the  cable  is  2  V  . 

0 

The  charged  capacitor  generator  offers  advantages 
over  the  charged  cable  type  since  there  is  no  dc 
charge  potential  on  the  cable  nor  is  the  cable 
subjected  to  voltage  reversal.  It  is  somewhat  more 
difficult  to  obtain  as  fast  a  risetlme  from  'kerged 
capacitor  units  as  from  charged  cable  units  because 
of  the  added  inductance  of  the  capacitor  and  associ¬ 
ated  busvork.  Time  jitter  values  of  less  than  5  ns 
are  obtained  with  this  class  of  generator.  Both  of 


these  cliiiu  are  capable  of  driving  many  cables  and 
cherefora  are  uaeful  in  systems  which  require  many 
aucouc  triggers. 

Mulciple-Staea  Charted  Capacitors 
Th*  maximum  output  trigger  amplitude  of  che  aingle- 
tcaga  charged  capacitor  claaa  la  typically  limited 
by  che  maximum  voltage  racing  of  the  aviteh  In 
thoaa  appllcaclona  which  require  output  trigger 
potentiala  greater  chan  can  be  obtained  with  a 
alngle  capaclcor-awicch  combination,  Marx  type 
trigger  generatora  are  uaed.  A  Marx  generator 
conalata  of  a  group  of  capacicora  charged  in  parallel 
and  dlacharged  in  aerlea;  thereby  multiplying  the 
power  aupply  by  the  number  of  capacicora.  Spark 
japa  are  normally  uaed  to  awicch  Marx  type 
trigger  generatora.  Figure  3  above  a  schematic 
->  diagram  of  a  typical  Marx  generator.  Typical  Marx 
generatora  operate  at  potentiala  of  30  to  100  kV  per 
atage  and  are  often  uaed  to  aupply  aa  much  aa  1  to 
2  MV  output  pocendala. 

klseciac  la  determined  by  the  inductance  per  atage 
end  the  load  impedance.  Thla  claaa  of  generator 
ter.da  to  have  aomewhat  higher  aource  impedance  than 
the  two  dlacuaaed  above.  Aa  a  consequence,  Marx 
type  trigger  generatora  are  uaually  uaed  where  they 
can  be  mounted  in  cloae  proximity  to  and  directly 
connected  to  the  load,  thua  avoiding  coaxial  cablet 
which  would  degrade  riaecime  and  limit  the  output 
potential.  A  properly  dealgned  Marx  generator  will 
typically  have  time  jitter  in  the  10  na  region. 

Fulse  Tranaforaer 

In  addition  to  the  Marx  generator  approach  juat 
deacrlbed,  another  method  of  obtaining  large  trigger 
potentials  is  to  use  a  pulse  transformer.  Aa  shown 
In  Figure  4,  the  potential  to  which  C  is  charged 
f VQ)  is  stepped  up  by  the  cums-ratio  of  the  trans¬ 
former  00  so  that  the  open-circuit  output  potential 

is  ilV  . 

0 

Pulse  transformer  trigger  generators  provide  a 
relatively  high  Impedance  trigger  source  at  low  cost. 
This  type  generator  uses  a  switch  (i.e.,  cold  cachode 
switch  tube,  chyratron,  etc.)  co  discharge  a  capaci¬ 
tor  Into  the  primary  of  a  pulse  tranaforaer.  Use  of 
this  type  unit  is  limited  to  situations  where  slower 


rlsetlmn  and  high  impedance  ia  acceptable,  lecauae 
of  the  high  aource  impedence,  thla  type  of  gmneretor 
ta  not  uaed  to  drivn  coaxial  cable.  Therefore,  the 
trigger  generator  nunc  be  pieced  adjacent  to  the 
unit  being  triggered. 

1?0  kV  low  Impedance  Multiple  Output  Triiaer  Ceneretnr 
«e  have  recently  built  a  trigger  generator  of  the 
single-stage  charted  capacitor  type  which  can  gener- 
ate  130  kV  pulaea  having  22  na  10-J0X  rlsetime  in 
four  SO  ohm  output  cablea.  Mine  of  theae  generators 
will  be  uaed  in  a  alngle  system  to  provide  3«  simul¬ 
taneous  130  kV  output  triggers.  A  unique  requirement 
of  this  application  ia  chat  each  output  cable  has  a 
near-xaro  Impedance  short  which  appears  at  the  output 
end  of  the  cable  early  in  the  pulse.  This  system  has 
been  designed  to  withetend  the  voltage  and  currant 
tranalenca  which  result  and  still  provide  long 
trouble-free  life. 

A  schematic  diagram  of  omo  of  those  trigger 
generatora  ia  shown  ia  Figuro  3.  a  group  of  four 
*0  nT  capacicora,  in  a  aeries,  parallel  combination 
are  connected  to  the  4  output  cablea  bp  a  low- 
iaductamca  rail  gap  twitch.  Tour  capacicora  are 
charged  by  aa  approximately  constant  current  power 
•upply  via  an  Isolation  resistor  to  130  kV.  An 
inductor  la  uaed  co  reference  the  output  alxe  of 
the  rail  gap  co  ground  for  dc  biaa'ng.  A  evo- 
reslstor  divider  biases  the  trigger  reii  in  che 
awicch  to  V/3.  An  kC  network  couplet  che  external 
trigger  gemnretor  co  the  rail  gap  and  provides  dc 
isolation,  from  the  bias  voltage.  The  rail  gap  is 
triggered  by  a  Maxwell  Catalog  Mwber  40131,  100  kV 
trigger  generator  which  ia  of  che  switched  capacitor 
variety.  This  trigger  generator  provides  the  fast- 
rising  pulse  (>5  kV/ns)  required  for  a  rail  gap  co 
operate  in  a  multichannel  mode.  Mine  output  cables 
from  che  50151  trigger  generator  are  uaed  co  trigger 
che  nine  aeparace  capacitor  discharge  units 
simultaneously. 

The  MLI  40151  trigger  generator  provides  a  100  fcV, 
fast-rising  criggar  pulse  to  the  rail  gap.  Thla 
causea  the  rail  gap  to  dost  in  the  multichannel 
mode.  The  four  capacitors  then  discharge  through 
the  rail  gap  into  the  12.5  ohm  load  of  che  four 


SO  ohs  output  cables.  Total  circuit  inductance  i* 
105  nX  which  provides  a  10-90:  rlsetlac  of  20  n*. 
The  capacitors  discharge  as  a  decaying  exponential 
and  provide  a  pulse  which  has  a  full-width,  half- 
maximum  duration  in  excess  of  300  ns,  which  is 
determined  by  cable  impedance  and  trigger  generator 
capacitance.  This  pulse  decay  continues  until 
reflections  on  the  cable  return  fro*  the  shorted 
output.  Current  waveforms  were  Monitored  by 
interring  a  0.5  ohm,  coaxial  current  shunt  in  the 
braid  of  one  of  the  output  cablet. 

A  ernes  section  view  of  the  trigger  generator  la 
shown  in  Figure  6.  A  tank  provides  a  container  for 
the  insulating  oil.  The  tank  say  rtat  on  the  floor 
or  be  suspended  from  the  lid  on  msunclng  holes  pro¬ 
vided  st  each  edge  of  the  tank.  All  of  the  internal 
electronics  arc  aounted  on  the  lid  to  provide  eesy 
access  to  internal  components  for  ease  of  mainte- 
nanca.  The  rail  gap  is  aounted  between  the  pairs 
of  Maxwell  SS  capacitors.  Mylar  paper  insulation 
isolates  the  burvork  from  the  rail  gap, 

A  typical  waveform  of  current  in  outer  conductor 
ci  output  cable  is  shown  in  Figure  7.  Notice  the 
reflection  at  450  ns  due  to  the  shorted  output 
cables  used  to  aodel  the  actual  load.  A  computer 
model  of  the  trigger  generator  was  developed  and 
the  results  are  presented  in  Figure  8  which  shows 
the  current  in  one  of  tne  cablet.  The  coeluted 
peak  current  amplitude  dote  not  decay  as  fast  as  in 
the  actual  circuit  bacauat  there  was  no  loss 
mechanists  included  in  the  computer  nodal.  Jitter 
was  lass  than  0  ns  (one  o).  Mine  of  these  genera¬ 
tors  have  been  manufactured  for  a  system  which  will 
provide  36,  50  ohm  outputs  of  130  kV  peak  amplitude. 
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Figure  1.  Charged  cable  trigger  generator. 
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Figure  2.  barged  capaeitor  trigger  generator. 
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Figure  3.  Marx  generator/trigger  generator. 
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Figure  4.  Pulse  transformer  trigger  generator. 
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Abstract 

Theoretical  analypia  of  a  low-impedance,  coaxial 
type  Marx  generator,  in  can ia  of  cha  equivalent 
alaccrical  ciicuic,  can  of far  cha  mosc  appropriate 
parameters  for  cha  design  of  a  Marx  generator  co 
produce  a  quasi-rectangular  output  waveform.  Tha 
raaulca  of  chia  chaoracical  analysis  can  ba 
axcantivaly  applied  Co  cha  daelgn  of  varloua  cypaa 
of  coaxial  Marx  ganarator.  Baaed  upon  chaoracical 
analyaia,  chraa  Marx  ganaracort  of  0.6MV,  1.0KV, 
and  2.6MV  have  baan  developed  for  cha  e-beam 
initiation  of  an  HF  chemical  laaar.  Tha  raaulca 
of  cha  analyaia  vara  in  good  agraaaMnc  with  cha 
experimental  raaulca.  They  have  a  completely 
coaxial  configuration.  One  advantage  of  chaaa 
machines  ia  chat  chay  can  dlracdy  drive  a 
low-impedance  elaccron-baaa  diode,  viehouc  a 
lov- impedance  PEN,  for  cha  afficlanc  production  of 
an  incanaa  ralaclvlaclc  electron  baaa.  They  are 
alao  remarkably  compact. 

1.  Introduction 

Among  aavaral  aaana  for  genaraclng  high  volcagc 
pulaea  over  lOOkV,  cha  Marx  generator  haa  found 
widespread  application*  in  varloua  fialda  bacauaa 
of  cha  aaaa  with  which  it  can  produce  high 
energies.1-'’  On*  such  iaporcanc  application  of  cha 
Marx  ganaracor  ia  for  ralaclviatic  alaccron-baaa 
accalaracora  producing  an  Incanaa  ralaclviatic 
electron  beam!  (IREB),  which  haa  baan  axeanaivaly 
usad  for  collacciva  ion  acceleration* ,  nuclear 
fusion  \  plasma  haaclng,  tha  inicladon  of 
chaaical  lasers  s,  and  Cha  axcicaclon  of  gas 
lasers. 

Tha  requirements  for  Chasa  applications  include 
a  voltage  puls*  with  a  fast  rlsaclae  and 
quasi-rectangular  wavafora,  so  chat  Cha  velocities 
of  cha  a-baant  arc  identical  over  the  ancirc  pulse. 
However,  convanclonal  Marx  gencracors  have 
relatively  high  Incemal  inductance,  so  chac  Che 
volcagc-pulaa  rise  ia  slow  and  Che  pulse  envelop* 
la  mainly  determined  by  a  aarlas  RLC  oscillatory 
eirculc. 

The  general  practice  haa  been  co  use  a 
lov-iapedance  jiulae-fcraing  naevork  *  (PEN) ,  or 
Blualein  line  charged  by  a  convanclonal  Marx 
generator,  co  drive  a  lov-iapedance  c-beaa  diode. 
According  to  chia  scheoe,  no  more  chan  several 
tens  of  percent  of  che  scored  energy  is  available, 
because  che  scored  energy  of  che  Marx  generator 
is  inefficiently  cransfered  Co  che  PFN. 

As  che  incemal  self-induccance  of  a  Marx 
generator  decreases,  the  volcage  rise  becomes 


fascar,  and  cha  output  Impedance  decreases,  wlch 
a  corresponding  improvement  in  che  efficiency  of 
charging  cha  PRC. 

In  accordance  with  cha  above  considerations, 
Kubota  ac  si? 1 ’have  succeeded  in  developing  a 
lov-lmpedanc*  600kV  Marx  ganaracor  which  conaiscs 
of  ceramic  capaclcora  as  cha  individual  capaci¬ 
tors,  and  which  has  a  coaxial  configuration. 

We  have  developed  low-impedance,  coaxial  Marx 
generators  in  order  co  generace  incense  elcccrcn 
beams  uaad  co  iniciace  HF  chemical  lasers.  We 
have  derived  an  equivalent  electrical  circuit  for 
this  type  of  Marx  generator.  We  found  chac  an 
appropriate  value  of  che  scray  capacitance  with 
respect  co  che  value  of  che  Marx  capacitor,  can 
give  a  quasl-raccangular  output  waveform. Theoreti¬ 
cal  analyals  of  low-impedance,  coaxial-cypc  Marx 
generators  would  appear  co  establish  che  optimum 
parameters  for  che  design  of  a  Marx  ganaracor  co 
produce  a  quasl-raccangular  ouepue 
waveform  for  any  given  values  of  pulse 
yidch,  ouepue  voltage,  and  scored  energy. 
The  results  of  chia  analysis  agreed  fairly  well 
with  the  experimental  characteristics  of  1MV  lkJ, 
0.6MV  180J,  and  2.6MV  2.2XJ  Marx  generators.  In 
cha  case  of  cha  1MV  Marx  ganaracor,  Che  ouepue 
pulse  contained  82Z  of  che  scored  energy  within ch* 
period  for  which  che  pulse  height  was  over  90S  of 
its  peak  volcage.  Due  both  Co  che  low  impedance 
and  co  a  pulse-forming  efface,  this  pulse  could 
drive  a  low-impedance  e-beam  diode  directly 
without  a  PFN,  achieving  far  more  efficienc 
conversion  of  che  acored  energy  into  e-beam 
output,  and  being  more  compact  Chan  Che  machines 
utilizing  a  PFN. 

Moreover,  che  output  volcage  is  702  of  che 
no-load  voltage  under  che  conditions  for  which  Che 
pulse  most  closely  approaches  a  rectangular 
waveform,  although  when  a  PFN  is  used,  the  ouepue 
volcage  with  a  matched  load  is  ac  most  SOS  of  che 
charging  voltage.  Ac  che  expense  of  che  output 
waveform,  le  is  passible  co  obtain  a  voltage  pulse 
higher  chan  che  volcage  without  load.  The  low- 
impedance,  coaxial  Marx  generators  have  been 
developed  for  a  REB-initiaced  HF  chemical  laser. 
These  machines  can,  however,  also  be  used  in  che 
fields  of  plasma  physics.  Therefore,  ve  would  like 
to  report  che  theoretical  and  experimental  studies 
on  the  coaxial  Marx  generators. 

2.  The  Structure  of  the  Coaxial  Marx  Generator 

As  an  example,  we  describe  the  structure  of  a 
1-MV  coaxial  Marx  generator.  A  1-MV,  1-kJ  Marx 
generator  consists  of  10  Marx  modules,  each  of 
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which  is  charged  at  up  to  2  SOkV  (plus-minus 
voltage  charging  tytCM) .  Tha  electrical  circulc 
oi  this  coaxial  Marx  ganaracor  ia  shown  in  Fig.  1. 

We  hava  adopcad  tha  following  aaana  oi  reducing 
the  induccanca  oi  cha  Marx  ganaracor  and  thus  ica 
Impedance  (aaa  labia  I) , 

First,  ceramic  capacicora  which  hava  virtually 
negligible  raaiduai  induccanca  ara  uaad  aa  energy 
storage  capacicora. 

Sacood,  aach  Marx  module  haa  a  coaplecely 
coaxial  coniiguracion.  A  gap  avicch  ia  placad  ac 
cha  cancar  oi  cha  Marx  aodula,  whara  caraaic 
capacicora  ara  arrangad  concentrically.  Marx 
modules  ara  iaaarcad  in  a  acalnlaaa  acaal  cylinder 
(560  at  ia  dlaaacar  and  2670  aa  in  overall  langch) 
which  acca  aa  cha  oucar  conduccot.  Each  Marx 
aodula  ia  coapoaad  oi  326  SrTiO,  caraaic  capaci¬ 
cora  (C  4  USOff  aluainua  disks  (660  aa  in 
dianereF  and  6  aa  chick),  a  pair  of  praaaurlaad 
gap  suicches,  and  chraa  charging  raalacora.  Each 
caraaic  capaclcor  la  33  aa  in  dlaaacar  and  26  aa 
in  laugch,  and  haa  a  racad  nominal  eapaclcanca  oi 
1  nF  and  a  racad  volcaga  oi  23  kV.1*  To  raiaa  cha 
working  volcaga  oi  aach  Marx  aodula,  cvo  capaci¬ 
cora  ara  connaccad  in  aarlaa,  and  81  auch  paisa 
ara  dlicribucad  in  parallax  aa  closely  aa 
poaalbla.  Thaaa  cwo  aaca  oi  capacicora  ar-.'  puc 
bacwaan  chraa  aluainua  dlaka.  lacauaa  cha  caraaic 
capacicora  ara  dlicribucad  ao  closely,  on  a  Marx 
rodule  can  ba  ragardad  aa  cvo  60.3  nF  capacicora 
connaccad  in  aarlaa. 

Flgura  2  ahowa  a  alnplliiad  croaa-aaccional  vlaw 
oi  a  coaxial  Marx  ganaracor.  Tan  Marx  sodulaa  ara 
acackad  in  aarlaa,  aacurad  firaly  by  10  plaacic 
roda,  and  puc  ac  cha  cancar  of  cha  acalnlaaa  acaal 
cylinder.  Tha  Marx  nodulea  ara  lMeraed  in  high- 
volcaga  eranafomar  oil.  Triggarlng  cha  ilrac  gap 
avicch  (prcaaurlsad  vich  a  nlxcura  oi  ST,  and  M,) 
anablaa  Cha  Marx  aodulaa  Co  ba  connected  elaccrl- 
cally  in  aarlaa  co  ganaraca  a  nagaciva  high 
volcaga.  AC  a  charging  volcaga  of  t  30  kV,  cha 
anargy  acorad  in  cha  Marx  ganaracor  ia  eselnacad 
ac  1.01  kJ.  Tha  loaa  in  available  anargy  acorad 
in  a  SrTlO,  capaclcor  in  conpariaon  vich  cha 
noainal  scared  anargy  ia  auch  laaa  chan  chac  oi  a 
BaTiOj  capaclcor.14 

Thegap  svicchea  uaad  conaiac  of  a  apherical 
braaa  (-)  alaccroda  (radlua  oi  curvacura  20  an) 
and  a  ilac  alaccroda,  cha  gap  langch  oi  which  ia 
18  aa.  Tha  gap  avicchea  are  aeparacad  by  an  30  co 
o.  d.  lucice  cube  and  "o"  ring  gaakeca,  pressur- 
ired  vich  an  SF./K,  aixeure  ac  up  co  chraa 

atmospheres*.*  11 

3.  Ooeracing  Characceriacica  or  cha  Coaxial  Marx 
Generator 

In  order  co  aaaaura  cha  operadng  characser- 
lsclca  oi  che  coaxial  Marx  ganaracor,  a  copper- 
aulface  solucion  waa  uaad  aa  a  realacive  load. 

Vich  che  scruccure  ahovn  in  Fig.  3,  chia  can 
function  noc  only  aa  a  resiacive  load  hue  also  aa 
s  high-speed-response  volcaga  divider.13  Tha  ehird 
copper  disk  alaccroda  near  che  ground  eleccrode 
anablaa  cha  ouepue  volcaga  waveforms  for  a  given 
resi3Cance  co  be  obcained  by  aeasuring  che  volcage 
beeveen  chese  cwo  eleccrodes.  The  dividing  racio 
oi  chis  resiscor  is  1/800. 

Figure  6  shows  che  ouepue  waveforms  ac  a 


charging  volcaga  of  2  25  kV.  Aa  noced  in  chia 
figure,  cha  values  of  raalacanca  ara  12,  30,  and 
60  0. 

In  cha  caaa  of  an  ordinary  Marx  ganaracor 
connaccad  vich  a  given  realacive  load  X,  JtLC 
resonanc  oacillaclon  occurs,  where  L  and  C  ara 
decided  mainly  by  cha  induccanca  oi  cha  gap 
avicchea  and  cha  eapaclcanca  of  cha  Marx  aodulaa. 
In  chia  caaa,  cha  ouepue  waveforms  ara  classified 

inco  chraa  cypas:  under-damping  (X  <  2/T7J), 

critical-damping  (X  >  2/Uc),  and  over-deaping 

(X  >  2/L/C).  Froe  Fig.  4,  cha  ouepue  volcaga 
wave  forms  appear  noc  co  ba  defined  by  a  pure  JtLC 
resonanc  circulc,  buc  co  be  defined  by  soee  kind 
of  pulae-foraing  line.  This  pulaa-foralng  efface 
can  ba  choughc  of  aa  arising  froe  cha  dlacrlbuced 
circulc  eonalsclng  oi  boch  acray  eapaclcanca 
beeveen  inner  and  oucar  conduccora,  and  induccanca 
mainly  deceralnad  by  gap  avicchea.  An  analysis 
haa  bean  performed  using  an  equivalent  circulc. 
Dlacuaalon  of  chia  analysis  fellows  in  cha  nexc 
aacclon. 

6.  Theoretical  Analysis 

In  chia  1-MV  coaxial  Marx  ganaracor,  cha 
eapaclcanca  of  a  Marx  nodule  and  cha  Induccanca  of 
cha  gap  avleeh  ara  placad  in  a  linear  sequence. 
There  also  axlsc a  a  acray  eapaclcanca  beeveen  cha 
oucar  conduecor  (acalnlaas-acaal  cylinder)  and  cha 
circular  Marx  nodule.  Hare,  for  convenience  of 
analysis  ve  propose  cha  equivalent  circulc  of  cha 
coaxial  Marx  ganaracor  ahovn  in  Fig.  5  for  cha 
analysis  of  cha  ouepue  performance.  Tha  following 
nocadon  la  uaad: 

L,;  induccanca  of  a  crlggarad  spark-gap 
avicch, 

Lti  Induccanca  of  a  gap  avicch  beeveen 
individual  Marx  ganaracor, 

L^;  Induccanca  of  an  ouepue  gap  avicch, 

C^;  eapaclcanca  in  aach  Marx  nodule.  A 
Marx  aodula  concalnes  cvo  C  'a  in 
aarlaa.  a 

C^;  acray  eapaclcanca  baevaan  cha  oucar 
conduccor  and  a  cylindrical  Marx 
aodula, 

load  raaiacor. 

A  gap  avicch  is  asauaed  co  conaiac  of  an 
induccanca  and  a  avicch,  and  co  close  whan  cha 
applied  volcaga  exceeds  ics  flashover  volcaga.  In 
Fig.  5,  a  Marx  aodula  is  lndicaced  by  an  area 
enclosed  by  oblique  lines. 

Tha  induccanca  of  aach  gap  avicch  la  choughc  Co 
ba  conposed  of  boch  a  structural  Induccanca  L  , 
which  indicacas  Cha  induccanca  baevaan  Cha  gap 
avicch  and  cha  oucar  conduccor,  and  Cha  channel 
inductance  during  discharge.1*  In  Chis  machine, 
structural  inductances  are  escitaaced  co  be  37  nU 
for  the  triggered  spark-gap  switch,  63  nH  for  che 
gap  switch  of  each  Marx  nodule,  and  38  nH  for  Che 
ouepue  switch.  Although  a  discharge-channel 
inductance  of  15  nH/ca  has  been  reported,1"  a  value 
of  28  nH/ca  waa,  however,  found  c.s  give  che  best 
fic  with  che  experimental  results  in  chis  case. 
From  che  above  calculations,  che  cocal  lnduccance 
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o f  the  individual  gap  switches  vich  gap  spacing* 
of  10,  IS,  and  IS  at,  ar*  1.  -  65  nH,  L,  «  115  nK, 
L.  "  60  nK,  respectively. 

JA  Marx  capacitance  C  vaa  40.5  nr.  Stray 
capaeitane*  C  ia  calculated  from  the  capacitance 
of  a  coaxial  llna  consisting  of  ar. 
inner  conductor  (a  circular  Marx  module  ia 
conaldarad  aa  ooa  cylindrical  conductor)  and  an 
oucar  acalnlaaa  acaal  cylladar.  In  ehla  caaa,  C 
la  estimated  to  ba  0.10  nF. 

lc  it  assumed  char  each  Marx  capacitor  C  la 
initially  charged  at  a  voltaga  V  ,  and  tha  atray 
capacitor  C(  ia  not  chargad  initially  bacauaa  of 
tha  plus-minus  charging  scheme,  bafora  a  triggered 
apark-gap  twitch  ia  fired.  Therefore,  initially 
a  voltage  of  V  it  applied  to  avltchaa  S.  and  S., 
while  a  voltage  of  2V  ia  applied  to  all  awitchi* 

co  ®10' 

If  in  this  machine  only  tha  triggered  apark-gap 
twitch  S.  on  tha  flrat  ataga  ia  fired  externally, 
ao  doting  twitch  S,,  the  voltaga  acroaa 
gap-awltch  S,  start*  to  lncraaaa  from  ita  initial 
voltaga  of  2?  .  Whan  this  voltaga  exceeda  tha 
breakdown  voltaga  determined  by  the  gap  apaclng 
and  mixture  preeaure,  tha  twitch  S,  la  cloeed.  In 
chit  way,  Individual  awltchaa  clot*  aucceaalvaly 
up  co  and  Including  twitch  S.,,  and  whan  twitch 
5„  ia  finally  doaed,  the  output  voltage  appaara 
acroaa  the  raalaciva  load  X, ,  It  la  raaaonable 
not  to  aaauma  chat  all  awltchaa  can  cloae  slaulca- 
neoutly,  but  co  underacand  that  according  co  the 
above  discussion,  jap  awltchaa  will  cloae  in  order 
with  tuccaaeive  clme-lagt.  In  order  to  decraaaa 
the  temporal  jitter  in  the  gap  awitchea,  tha 
mixture  preaaure  in  each  gap  twitch  la  adjuated  to 
some  70-90*  of  the  aelf-braakdovn  voltaga  for  the 
gap  awicch  whan  charging  a  Marx  generator.  It  ia 
well  known  that  the  breakdown  voltaga  ia  dependent 
upon  tha  time  for  which  the  voltage  ia  applied, 
with  higher  voltagea  for  ahorcer  application 
times!1  In  chit  caaa,  tha  breakdown  voltage  in  the 
pulaad  mode  ia  eatimatad  to  be  1.8  cimea  higher 
than  in  a  DC  mode. 

Using  tha  value a  cited  above,  the  following  eat 
of  circuit  equations  can  be  derived  from  the 
equivalent  electrical  circuit  shown  in  Fig.  5. 

If  'the  voltages  applied  co  the  C  and  C  on  the 
n'ch  ncage  are  denoted  V',,  and  4^,,  respectively, 
and  the  current  passing  through* the  C  is  denoted 
as  I„,  L,  may  be  written  as  follows,  B 
"  ”  SVo 

IN  “  Cag (1) 

Here,  a  variable  indicating  the  on-off  switch¬ 

ing  state  of  the  gap  switch  ia  Introduced.  When 
Che  awicch  is  dosed,  ■  1  and  when  cut  off, 

K,.  »  0.  The  current  passing  through  the  C  on 
the  n'ch  stage  can  be  written  as 


CJT 


3c 


KNIn  -  Kn+1In+1 

3V< 


C*(  kN_3^1L' 


(2) 


Similarly,  on  the  loops  S  «  2-10,  we  obtain 

+  2Vh’  +  "  ^H-l  <4> 

If  the  voltage  appearing  on  Che  resistive  load  X, 
is  written  aa  V^,  on  the  loop  N  »  11,  we  obtain  L 

V,  -  w..  ■  <" 

V*  can  calculate  the  output  voltage  appearing  on 
the  resistive  load,  by  substituting  V  («  V.—V,, ) 
aa  an  initial  value  into  equations  (2j-(6), 

Figure  4  shows  the  output  voltage  waveforms 
measured  with  the  load  resistors  X,  of  12,  50,  and 
40  0  ,  together  with  the  theoretical  results  given 
by  this  analysis.  For  reference,  in  the  case  that 
xl”  40  0  the  volcsge  V  appearing  on  the  stray 
capacitance  C  of  the  n'ch  Marx  module,  and  the 
output  voltage  V_  are  shown  in  Fig.  6.  In  Fig.  6, 
the  time  of  firing  the  triggered  spark-gap  switch 
is  sec  at  c  »  0,  while  in  Fig. 4  the  time  when  the 
voltage  starts  to  appear  on  the  resistive  load  it 
ut  t  •  0.  As  is  clear  from  Fig.  6,  the  voltage 
on  the  C  of  the  n+l'th  stage  appears 
later  than  that  on  the  C  of  the  n'th 
stage.  The  output  voltage  wfteform  produced  by 
this  coaxial  Marx  generator  is  Che  result  of  two 
effects:  one  of  which  arises  in  an  KLC  resonance 
circuit,  and  the  ocher  of  which  arises  in  a 
distributed  element  circuit.  In  the  frequency 
region  characterised  by  the  XLC  resonance  circuit, 
the  resonance  frequency  of  which  la 

fxLC  *  (  2rr/  (L,+9L:+L,)C./io  )  "*  -3.3MHZ 

(  2i'^RLCC»  *  27rjRLCI,2  are  estimated  co 

to  be  1.2  and  2.4  fl,  respectively.  However, 

<2«/«LcCs)-»  ig  450  0,  which  is  aueh  larger 
than  (Tand  L,.  Thus,  C  may  be  neglected  so  that 
the  Marx  generator  can  act  aa  a  sliiplc  oscillatory 
series  XLC  circuit. 

On  ths  other  hand,  in  the  region  determined  by 
the  distributed  element  circuit,  the  resonance 
frequency  of  which  ia  given  by 

/tlllE  “  (2n/Ej£!  )“*  -47MH* 

2n/LmL2  and  ( 2r/tfNlCs) ~l  are  33  and  33  ft, 

respectively.  However,  [2H /tlNtQn)  “l  of  Ca  is 
8.7  x  10”:),  which  is  much  smaller  chan  chose  of 
L,  and  C  .  Therefore,  in  this  frequency  region, 
the  Marx* generator  seems  to  function  as  a  distribu¬ 
ted  eleaMnt  circuit. 

Consequently,  the  output  voltage  waveforms  shown 
in  Fig.  4  can  be  attribut'd  co  the  effect  of  an 
XLC  lumped  element  circuit  coupled  with  a  distribu¬ 
ted  element  circuit. 


On  the  loop  N  ■  1,  we  obtain 

.  3 1  j  t  , .  .  . 

+  Vj  +  vj 


+  V:  +  «, 


0  (3) 


5.  Generalization  of  the  Design  of  the  Coaxial 
Marx  Ge  erator  with  a  Quasi-Rectangular  Output 
Waveform 


In  this  section,  we  extend  the  analysis  using 
the  variables  described  below,  so  as  to  generalize 


Chi*  analysis  and  co  off# r  a  guide  for  tha  <!«*lyn 
of  a  coaxial  Msrx  |«a«racor  vich  a 
Susai-reecaegulat  output. 

In  Chi*  analysis,  a  1*  cha  number  of  Han 
nodules,  and  cha  nocadon  for  el***ata  of  cha  Hanc 
nodule  follow*  chac  of  Fig.  5.  If  char*  la  no 
stray  capaclcanc*  bacwaan  inner  conductor  and 
oucar  cyllndar,  cha  Han  ganaracor  fa  aaan  co  be  a 
simple  oscillatory  *aria r  UC  elrcuic,  aa 
lad lea cad  In  fig.  7. 

Tha  analysis  ravaal*  chac  variation a  In  L.  and 
L,  have  hardly  any  Influence  upon  eh*  overall 
chavaccariocica  of  eh*  davlea  and  chac  lea  output 
characcarlaclca  ara  a* inly  dependant  upon  cha 
value  of  Li.  .Moreover,  Cha  voltage  applied  to 
both  L.  and  L.  1*  only  a  half  chac  applied  co  L,, 
*o  chat  tha  gap  *paca*  of  boch  L,  and  U  say  be' 
reduced  co  dacraaaa  chair  Inductance*.  JH*nce,  for 
simplicity  of  the  subsequent  calculation,  we 
aisun*  chac 

61  "  h  "  L2/2  <7) 


Using  equation  (7),  L,C,  and  V  shown  In  Fig.  7 
simplify  to 


t  -  Li  +  (n  -  1)I<2  +  t>3  ■  nf>2 

(8) 

C  -  CP/2n 

(9) 

V  -  2nV0 

(10) 

After  normalisation  of  V_  and  c  ualng  these  L, 
C,  and  V,  the  dimensionless  variable*  VnT and  Tn, 
are  dsfir.sd  as  DL  DL 

VDL  -  V*/V  -  V*/2nVQ 

(11) 

Tdl  *  t/2r/  LC  ■  t/2x/  L2Cn/2 

(12) 

where  V  is  the  voltage  appearing  across 
'  rssisclve  load, 
t  is  time, 

the 

V  1*  the  racio  of  V  to  output  voltage  V 
vich  no  load,  * 

T-,  la  the  ratio  of  c  co  the  resonance 
period  2t<LC. 

Since  the  output  voltage  waveform  of  eh*  Marx 
generator  varies  with  the  resistance  of  the  resist¬ 
ive  load,  we  introduce  a  norsallsed  load  resist¬ 
ance  1  defined  by 

a  -  -f-  smr  -  /c,7Si2  <i3) 

vhere  i  indlcaces  the  ratio  of  the  load  resistor 

Rj.  co  2r l7c  vhlch  Is  the  resistance  ac  which 
criclcal  damping  occurs  In  a  staple  RLC  series 
resonance  circuit.  If  a  is  Introduced  in  this 
manner,  the  conditions  for  damping  arc  simply 
given:  s  <  1  (under-damping),  a  »  1  (criticai- 
daaping),  and  3  >  1  (  over-damping). 

In  a  simple  RLC  series  oscillatory  circuiC,  all 
the  output  voltage  waveforms  can  easily  be  charac¬ 
terised  by  such  noraslised  parameters  as  V  . ,  T„ 
and  3.  However,  where  a  pulse-forming  effect  DL 
exists  due  to  stray  capacitance  between  inner 
conductor  and  outer  cylinder,  a  parameter  indicat¬ 
ing  the  degree  of  the  pulse-foraing  effect  Is 


required,  because  tha  pulse-foning  effect  la 
strongly  dependent  upon  the  stray  capacitance. 
Therefora,  we  intreduca  a  parameter  0.  defined  by 

the  ratio  of  SrTJ  co  where 


c. 

b 


u*> 


and  whara  SrT7  ia  tha  half  period  of  resonance  la 
an  RLC  series  resonance  circuit,  and  n*L,C  la  tha 
propagation  time  of  aa  alactronagnatlc  vgyl  per 
unit  length  la  the  Harx  generator. 

Substituting  equations  (I)  and  (9)  into  (14),  we 
have 


cT  -  -f-  /  c,  /  :6S 


(IS) 


Aa  can  easily  be  aaan  fro*  equation  (IS),  0  ia 
datarmlned  by  the  eapacltaacs  C  of  tha  Harx 
gaaarator.  * 

Tha  output-voltage  waveform*  calculated  by  this 
analysis  using  the  norsallsed  persaecera  ara  shown 
in  Figs.  8  and  9.  Figure  8  shows  tha  theoretical 
waveforms  aa  a  function  of  a  with  p*ra**tora  n«20, 
and  C„  *  3.7S.  Figure  9  shows  the  results 
obtained  with  such  parameters  as  n  »  20,  and  a-0.5 
aa  a  function  of  C .  In  Fig.  8,  tha  unwanted 
deviations  of  the  output  pula*  wav* form  are  aaan. 
Far  example,  the  pulse  waveform  at  a  -  0.4,  and 
o.  ■  3.75  la  under-damped  and  la  distorted  into  a 
negative  tilt.  In  Fig.  9,  tha  two  upper  puls* 
waveform*  ara  negatively  tilted,  and  two  lowar 
pul***  ara  positively  tilted.  In  all  pula** 
obtalnad,  the  pulse*  build  up  sharply  with  time, 
and  exhibit  neither  rounding  (undershoot)  nor 
glitehoa. 

Fro*  Figs.  8  and  9,  it  is  found  chac  appropriac* 
value*  of  and  a  must  be  choeen  to  obtain  cha 
moat  rectangular  output  wavafora.  U*  datamlnad 
the  most  suitable  values  of  c  and  a  by  the  follow¬ 
ing  method.  T 

First,  so  as  co  dacarmln*  tha  opcimu*  o_,  at  a 
flxad  valua  of  3  (as  daacribod  below,  the "opcimu* 
value  of  a  is  0.8,  so  a  it  fixed  at  0.3)  we 
calculate  cha  following  racio*  as  a  function  of  0_: 

(a)  T-  «/T0  the  racio  of  pariod  for  which  eh* 

output  voltage  is  at  least  90S  of 
tha  peak  puls*  volcagt  co  the 
FWHM  of  cha  pula*, 

(b)  £,/£_;  cha  racio  of  cha  energy  dissl- 

paced  in  cha  resistive  load  co 
cha  entrgy  scored  in  the  Marx 
capacitors, 

whara  chest  evo  racios  indicate  the  degree  of  pulse 
forming,  and  boch  values  approach  unity  ss  tha 
output  pulse  becojes  coeplecely  rtctangular. 

Calculated  values  of  Tlt|/T.l}  and  E_/E_  for  0_- 
3-4.5  art  ahown  in  Fig.iO*  Fig. 10  show*  that  whin 
<7_u3.75  tha  nose  rtctangular  wavafom  can  be 
obtained.  However,  even  over  the  range  0,-3. 5-4, 
the  pulse  waveform  1*  considered  co  be  nearly 
rectangular,  and  cha  energy  dissipated  in  the  load 
ia  over  95S  of  that  at  c_-3.75. 

Next,  so  as  co  determine  tha  optimum  a  ac  a  fixed 
value  of  0  *3.75,  we  calculated  the  valua  of  E 
sa  a  function  of  a.  This  result  is  shown  in  Fig. 
11.  In  Fig. 11,  it  is  clear  chac  the  most  rectan¬ 
gular  waveform  can  be  obtained  when  3*0.8. 

However,  even  in  the  region  of  3-0. 7-1.0,  the  pulse 


waveform  it  nearly  rectangular ,  and  the  energy 
dissipated  in  the  load  ia  calculacad  co  bn  {raacar 
than  95S  of  that  at  C.-3.75. 

Although  tha  abova  ihaoratleal  analysis  ia  only 
for  n»20,  tha  optimum  conditiona  obtainad  by  tha 
analyaia  ara  valid  for  coaxial  Karx  ganaratora 
with  any  r.uabar  of  stages,  providad  only  that  a 
and  c„  ara  aat  to  tha  valuaa  darivad  abova.  In 
order ‘to  aatabliah  tha  validity  of  chase  results, 
we  calculacad  tha  output  volcaga  waveform  for  tha 
caaa  of  n»10,  and  n»20,  iv'  both  caaaa  of  which  o_» 
3.75  and  O"0.5.  Tha  raaulta  ara  compared  in  Tig* 
12. 

According  co  tha  raaulta  of  tha  chaoraclcal 
analyaia,  it  va*  found  Chat  parameter*  ahould  aaat 
tha  following  requirements.  In  ordar  to  ganaraca 
an  output  volcaga  pulaa  of  quasi-raccangular 
waveform: 

(A)  0T  -  "f-  /  /  1CS  **  3-”  (16) 

Equation  (16)  ia  aquivalaat  co  tha  font  of 


c.« 


ZlIME 


*o-m 


(17) 


“K.C  2n 

whara  2x,i}je  "  ^  1*2 /Cg  ia  tha  charatarlacic 
iapadanca  o:  a  dlacrlbucad  clamant  circuit,  and 

Z)UX-  2&7£  »2n/2L,/C*  ia  tha 

resistance  of  tha  load  for  an  XLC  aeriaa 
oacillacory  circuit  in  which  critical  damping 
occur  a. 


(B) 


C,  /  2Lj  "  0.80 


(18) 


For  a  coaxial  Marx  ganaracor  which  aaclafia* 
aquation*  (16)  and  (18),  tha  following  chraa 
parameters  am  given: 

"Tha  iapadanca  2"  (dafinad  by  tha  value  of  tha 
rcalatlva  load  at  which  tha  Marx  ganaracor  can 
deliver  the  mcxlmum  energy  over  a  period  in 
which  the  volcaga  ia  at  leaac  90S  of  the  peak 
output  voltage)  i*  expreaeed  aa 

Z-0.8x2n/2L2/Ca  -O.Mmc  -1.3ZUlre  (19) 

whan  connected  with  the  optimum  raalaclva  load, 
the  maximum  output  voltage  VB  viv  ia  given  by 

VR  MAX-0,73  V“1,5  nV°  (2°) 

whan  connaccad  with  the  optiaua  realacive  load, 

the  pulaavidth  of  tha  output  voltage  wavafora 
(dafinad  aa  the  period  during  which  the  Marx 
ganaracor  can  produce  a  volcaga  at  leaac  90S 
of  the  peak  output  value)  ia  given  by 

T  -  0.22  x  2t/LC  »  O.ddfl/LjCn/i  (21) 

The  electrical  energy  charging  the  Marx  capaci¬ 
tor*  is  expraaaad  a* 

E-  _y*CVI"nCaV0i  (22) 

6.  Concluding  Ramarks 


From  the  theoretical  analyaia  of  the  coaxial 
!iarx  generator,  we  darivad  the  following 
conclusions: 

(a)  Fewer  Marx  nodules  and  a  larger  Cg  reduce 
Che  impedance  of  the  Marx  ganaracor. 

(b)  Smaller  values  of  L,  and  C  are  required  to 
shorten  the  pulsewiSch  of  ¥he  output  pulse. 

(c)  To  obtain  chc  most  rectangular  pulse,  the 
more  Marx  modules  there  ara,  the  smaller 
the  ratio  of  Cg  to  Cm  should  be,  because  the 


ratio  of  C  /C  is  inversely  proportional  to 
n*  according  to  aquation  (16).  This  condi¬ 
tion  (c)  ia,  fortunately,  conducive  co  chc 
construction  of  a  coaxial  Marx  ganaracor 
with  a  rectangular  output  waveform.  As  the 
output  voltage  lncraaaas  with  chc  increasing 
number  of  Marx  modules, it  becomes  possible 
co  increase  the  distance  beevee;.  the  Marx 
module  (inner  conductor)  and  tha  outer 
conductor.  This  condition  is  advantageous 
for  the  prevention  of  flashover  through  the 
insulation  oil  chat  fills  the  Marx 
generator. 

Using  the  generalised  theoretical  analysis  of  the 
coaxial  Marx  generator  described  in  chi*  section, 
we  also  analysed  theoretically  the  characteristics 
of  the  600-kV,  180-J,  10-siag***  and  2.6-MV,  2.2- 
kJ,  16-scagl'coaxial  Marx  generators (Figs.  13  and 
14).  The  specifications  of  these  machines  are  shown 
in  Table  I.  The  output  waveforms  obtained  theoret¬ 
ically  ware  found  to  correspond  with  the  experimen¬ 
tal  rasulcs. 
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Ig.2  Simplified  cross-sectional  view  of  a 
coaxial-type,  10-stage  Marx  generator. 
Not  to  scale. 


?ig. 5  Equivalent  electrical  circuit  of  a  coaxial-type, 
10-stage  Marx  generator. 
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T  — ***- .  waveforms  appeared  on 

.  m  n'th  Marx  module  with 

’"'I *  40fJ  resistive  load. 
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ig.3  Cross-sectional  view  of  a  CuSOa- 
solutlon  resistive  load,  (connec¬ 
ted  with  a  Marx  generator).  Mot  to 
scale. 
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Fig. 7  Simplified  electrical 
equivalent  circuit  of 
a  Marx  generator. 


{$.8  Dependence  of  th«  output  Fig. 11  Parameter  a  vs.  Eg/E^.  Fig. 14  Theoretical  output  waveform  for 
voltage  waveforms  on  the  0.6-MV  Marx  generator, 

parameter  q. 
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Fig. 12  Typical  output  voltage 
waveforms  of  coaxial 
Marx  generator  under  the 
optimum  conditions. 
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Table  !  Specifications  of  the  0.5,  1.0 
and  2.6MV  Marx  generators. 


».*  77b  | 

t 


i.o  ojs  o.m  «.n 
Ik 

Dependence  of  tfie  output 
voltage  waveforms  on 
parameter  cT. 
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Fig. 13  Theoretical  output  waveform  for 
the  2.6-MV  Marx  generator. 
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An  Increasing  mater  of  experimental  programs 
call  for  a  sequence  of  several  cloaaly  spaced, 
high-voltage  pulses.  This  pa par  peasants  tha 
various  design  considerations  for  avail  a  system. 
These  Include  tha  kind  of  pulsa  generator,  aarlaa 
or  parallal  configuration,  kinds  of  linai -  aapact 
ratio,  cholca  of  dielectric,  witch  type ,  txig- 
9a rin g  conaldarationa.  Mane  Generator  design  and 
iaolatlon,  faad  pro bl ana ,  pulae  foraatlon,  and 
vavafora  degradation  with  increasing  stages.  Tha 
daaign  procedure  la  illustrated  by  tha  te-2  pulsar 
built  for  tha  BttXAMDC  Facility  at  the  boa  Alaaaa 
Scientific  Laboratory.  Thla  ayataa  pcoducaa  a 
train  of  up  to  thraa  40  na  pulaaa,  variable  fro* 
{00  VI  to  1.4  MV  with  {Milan  aaparationa  of  100  na 
to  1  sa.  Results  ara  given  and  waveforms 
presented, 

1.9  nrrsooocrxcM 

'scanciy  thara  haa  baan  incraaainf  interact 
in  programs  which  require  a  aarlaa  of  aavaral 
cloaaly  apacad,  high-voltage  pulaaa.  These 
programs  include  atudles  of  lnjactlon  into  negnet- 
ically  confined  fusion  raactora,  char gad  particla 
bean  weapon  propagation  atudlea,  and  aultlpla 
exposure  radiographic  systems. 

Tha  ayataa  daacribad  in  thla  paper  la  tha 
.1-2  Pulsar  built  for  tha  toa  Alamos  Scientific 
Laboratory.  A  auaaary  of  tha  principal 
performance  specif icaclona  is  given  m  Table  1.  A 
drawing  of  tha  pulsar  with  tha  dvanry  load  ia  shown 
in  Figure  1. 

•Work  performed  under  contract  froa  tha  Lea  Alaaos 
Scientific  Laboratory. 


Figure  1  PHERMEX  M-2  Pulsar. 


TABU  1 

nowx  M-2  KXJUCA  SFCCX7XCATX0MS 


1. 

OUTFUT 

0.1  TO  14  MV 

2. 

10A0 

THERMIONIC  0IO0E 

3. 

LOAD  IMPEDANCE 

«nn*t4Mv 

4. 

POISE  DURATION 

1  PULSE 

7  PULSES  MERGED 
jPULStl  MERGED 

Msanac 

10  1 200  nwc 
120-300  nmc 

S. 

RISE  TIME 

CTSnac 

t. 

FALL  TIME 

<40nac 

7. 

.'imu 

4<|MK 

1. 

FOLSE  SEPARATION 
(2na  10%  TO  In  t0*U 
list  90%  TO  1*90%) 

100  rwac  min 
Xwacmaa 

J. 

PULSE  FLATNESS 

115%  AllOWf.0  FOR  71%  OF  OURATICNI 

1 10% 

10. 

MEAN  AMPLITU0E  VARIATION 
(WITHIN  PULSE  TRAINI 
(TRAIN  TO  TRAIN! 

<3% 

<3* 

2.3  OSSIGM 

2. 1  Kind  of  Canarator 

Thara  are  a  number  of  Important  paranatars  to 


be  considered  ir.  selecting  the  design  oi  tho 
generator: 


a)  Pulse  dux  a:  Ion 

b)  Voltage 

c)  Impedance 

d)  UiMfon  requirements 

a)  Kuabtt  of  pulm 

f )  htlN  Mfantion 
f)  Jitter 

fta  flrat  puiattir  forces  the  basic  dacision 
of  whether  to  uee  distributed  or  lamped  elsmnta, 
the  Uttar  becoming  foasibla  and  oftan  dasirabla 
above  a  pulse  length  in  tho  ranfa  of  100-300  ns. 
for  abort  pulaaa,  the  cboica  ia  narrowed  dawn  to 
althar  a  alopla  pulae  lino  or  a  HluaUein  circuit. 


2.2  Configuration 


ror  high  repetition  ratoa  (>  10  MU)  and  high 
average  power,  a  single  repetitive  pulsar  in  burst 
soda  will  not  mat  the  requirement.  Consequently, 
there  are  two  altamativa  goo  oral  approaches  -to 
tha  configuration: 

1.  Indapandant  Parallel  Palmers.  This  configur¬ 
ation  would  be  quite  useful  if  nanosecond, 

■age volt,  tarawatt  diodes  ware  available.  One 
night  consider  direct  connection  with  pulsars  of 
Sq,  :q/3,  Zq/4,  ate.,  with  twice  tha  energy  for 
.each  successive  pulsar,  however,  without 
isolation,  tha  second  pulse  would  have  a  tail  of 
V/2,  v/A  ,  etc.,  and  tho  third  pulee  a  tail  of 
3V/4,  9V/16,  etc.  Isolation  with  a  series  in- 
pa  dir.  ct  could  be  used  to  reduce  tha  tsil,  but  tha 
energy  penalty  becoaas  enormous. 


2.  Independent  Tandem  Pulsars.  In  this  approach 
pulses  after  tha  first  aunt  pass  through  a  sariss 
of  switches,  leading  to  wavefons  degradation.  In 
addition,  no  line  and  ia  available  for  -the  input 
energy  feed.  However,  these  problem  have 
solutions  and  the  tandan  configuration  was 
chosen.  A  Siunlein  circuit  cannon  be  used, 
and  the  choice  becomes  a  simple  pulse  line 
configuration  selected  for  the  h-2  pulsar 
(see  Figure  2) . 


Figure  2  PHERMEX  M-2  Pulsar-schematic  design. 
2.3  Choice  of  Dielectric 


Tha  following  factors  influence  the  choice  of 
dielectric: 

a)  Dielectric  strength 

b)  Dosirod  impedance 

c)  Pulse  length 

d)  Space  available 

a)  Aspect  ratio  of  line 

f)  tosses  aad  dispersion 

Tha  choice  becoaas  primarily  a  tradeoff 
between  high  lapedance  for  abort  rlsatioe  and  load 
dumping,  and  low  iapedanoo  for  short  length  to  fit 
tho  United  apace  available. 

Tho  load  was  to  be  a  coaxial  vacuum- insula ted 
thermionic  diode  with  a  nominal  11m  impedance  of 
SO  ohms  with  an  end  capacitance  of  IIS  pF  and  beam 
loading  of  M2  ofcaw.  Tbs  resulting  resonant 
circuit  has  a  series  impedance  of  about  37  ohms. 
With  trivial  bean  loading  the  primary  damping  must 
come  from  tho  lino  and  load  lnpodances  in 
parallel,  or  Sg/2.  ror  a  alight  overshoot,  this 
value  loads  to  the  goal  of  ZQ  -  22Tn^n  “  74  ohms. 

In  a  simplified  nodal  of  a  switched  lino,  tho 
10-»0t  rieotima  is  given  by  tr  »  1.1  X,<v/20.  ror 
ZQ  -  74  ohm,  this  would  also  give  an  excellent 
rise turn  with  the  estinatsd  switch  inductance  of 
160  nH  (single  arc  channel). 

Oil  would  have  been  desirable  since  it  could 
readily  give  impedances  in  the  range  of  30  to 


50  ohme.  Oil  would  also  d»  away  with  the  need  f or 
a  dUphtnpa  btt«Hn  the  (tin  and  the  line  . 

However,  tha  !Md  capacitance  would  sand  so  ha 
ralatlvaly  high.  rurthemore,  tha  h-2  pulsar  had 
so  fit  Ineo  an  existing  facility  with  limits* 
length.  Consequently,  tha  choice*  wars  narrowed 
so  watar  (cf  »  71)  and  athylaaa  glycol 

(<r  »  411.  Watar  wold  have  lad  to  a  line  with  an 
aspact  ratio  t 1 anyth  so  width)  of  about  0.7Sst. 
tha  faad  dlaaatar  would  ha  about  701  of  tha  lino 
length  and  tha  af facta  of  tha  faad  would  ba  max¬ 
imised.  Lastly,  with  watar  tha  impedance  veuld  ba 
low. 

Consequently,  athylana  glycol  emerged  aa  tha 
final  cholca.  Tha  avallabla  data  Indies tad  tha 
dlalactrlc  strength  to  ba  good.  Tha  try  arose  fit 
into  tha  space  avallabla  and  it  permitted  •  higher 
lina  inpadanca  of  10.5  ohaa,  which  la  lower  than 
optimum.  However,  ways  ware  found  to  aceoModata 
this  laval  of  inpadsncaa. 

Tha  self-discharge  K  tins  for  athylana 
glycol  can  ba  made  atch  longer  K  Id  as)  than  tha 
ringup  half  pariod  (300  m)  with  an  ion  anchnnga 
rasin  bad.  Tha  flaah  point  is  only  slightly  lower 
than  oil  (240*  r  vs.  27S*  r).  It  doaa  absorb 
watar  froa  tha  sir  sa  desiccants  are  placed  In  air 
vanes.  Tha  only  problem  froa  tha  watar  is  a  email 
increase  in  dielectric  constant.  The  dissipation 
factor  is  higher  than  watar  (0.4S  ve  0.U0J  at 
10®  Hr) l  however, rlsatina  la  United  by  other 
factors,  hssaursmenu  on  the  systaa  using 
athylana  glycol  show  no  signs  of  dispersion. 

2.4  Hybrid  Line 

Tha  lina  it as If  is  a  hybrid  with  a  round 
canear  conductor  and  a  s<jua ra  outer  conductor  and 
was  chosan  for  two  reasons :  the  Impedance  Is  about 

51  higher  than  for  a  round  line  of  the  same  alter 
flat  sldas  ease  tha  feed  diaphraga  design. 

2.5  Switch  Type 

Tha  two  cost  important  daclaions  in  switch 
selection  wars  whether  to  use  (a)  gas  or  liquid 
and  (b)  whether  they  art  triggered  or  self* 


breaking.  TO  reduce  the  coupling  between  tandem 
line  sections  and  to  a  wild  transverse  transit  time 
affects,  a  gas  switch  was  needed. 

rigure  3*  shown  the  voltage  history  on  a 
switch  with  a  delay  of  700  ns  between  pel see.  The 
switch  first  sees  the  charging  and  discharging  of 
the  line  tbsd.  Its  own  linn  is  than  charged  an 
that  the  pelarity  Is  reversed.  The  minimum  delay 
bates  an  pad  sea  is  100  ns,  which  is  lass  than  the 
rlngvp  half  period  (300  na) .  Thee,  the  waveform 
of  rigaure  2b  can  reenlt  (a  delay  of  300  na  la 
sham).  With  seeh  unique  end  changeable  wave f one, 
one need  triggering  beesns  imperative  in  erder  to 
neat  the  tight  jitter  requirement  (a  do  ne). 

Since  hath  side*  of  the  switch  neat  each  in  turn 
be  at  high  vsltage,  tha  switch  amat  be 
ayaeaetrlcal.  The  epeay  switch  that  was  designed 
*'/A  weed  in  described  in  wore  detail  in  a 
rmmpmlsn  paper  entitled  '»  3 ~m  tow  Jitter 
Trigger  Switch.* 


Figure  3  Voltage  across  line  switch. 


Th*  cgntni  uiffttMt  1*.  don*  with  «.  10- 
stay*  250-VV  trigger  Marx  (tMtiur  located  in  th* 
puls*  iin*  on  th*  output  aid*  «(  th*  witch.  Th* 
»r.  favorable  trigger  sode  is  achieved  with  • 
MHUv«  line  chary*  and  «  piititt  trigger  on  th* 
v/j:  field  diiwKUr.  uin«  alactrod*. 


important  functions.  First.  it  provides  a  currant 
tail  to  k*«p  a  witch  conducting  until  th*  wt 
pula*  arriv**.  Second,  it  provide*  an  isolated 
path  to  charp*  and  fir*  th*  lin*  witch  trigger 
Marx,  which  ia  dsn*  bp  winding  th*  inductor  with 
asaxial  oabla. 


Marx  Can*rator 

Th*  circuit  shown  in  Flyura  4  evolved  iron 
th*  following  consideration.  Zt  waa  dasirabl*  to 
hav*  th*  «r*ct*d  capacitance  o(  th*  Marx  f*a*rator 
equal  to  th*  capacitance  of  th*  pul**  lin*  and 
f**d  in  order  to  minimis*  th*  energy  left  in  th* 
system  at  th*  tin*  of  firing.  as  th*  remaining 
•n«rty  any  distort  th*  following  puls*. 


Figured  Pul«*r ringup circuit. 

It  a  Marx  prefir**,  it  ia  important  to  haw* 
minimum  coupliny  to  adjacent  llirma  in  order  to 
avoid  ayapathatic  triggering.  Thara for*,  th* 
isolation  inductor  was  added  to  th*  f«od  to  fora 
an  1-C  filter  with  th*  output  capacitano*  of  th* 
Marx.  This  inductor  was  nad*  equal  to  th*  Marx 
generator  inductance,  about  14  UK.  which  aakos  th* 
half  cycle  rinyup  period  approximately  500  m. 

Equal  inductances  and  capacitances  alac  stab* 
th*  output  of  th*  Marx  generator  (ncglecti*  y  stray 
capacitance)  half  of  th*  op*n  circuit  voltay* 
throughout  th*  rinyup  puls*.  Thus  it  is  possible 
to  reduce  clearances  and  sake  th*  Marx  ganerator 
tanks  small  enough  to  fit  into  th*  available  spec* . 
Separate  Marx  tanks  sad*  thu  spec*  problem  nor* 
severe ,  but  were  required  for  isolation,  and  for 
entry  to  the  facility. 

The  "keep  alive"  inductor  serves  two 


On*  of  th*  thr*«  Marx  generators  ia  shown  ir. 
riyura  S.  It  is  a  folded  daaipi  with  four  hori- 
aontal  triggering  striny*.  Th*  thr*«  bottom 
•tag**  ar*  yiv«n  simultaneous  triyyars.  There  art 
39  stages  with  0.07  ur  capacitors  charged  *  and  - 
SO  kV.  yiviny  an  *r*ct*d  oapacitanc*  of  1.1  nF. 
Kino*  a  tan-minut*  hold  vi^il*  charyed  ia  oowtin** 
required.  pains  ar*  t*k*n  to  ensure  dry  ITj  in  th* 
•witch**  and  th*  oil  la  continuously  filtered. 

Th*  jitter  in  typically  10  ns. 


Figure  5  Marx  generator. 


2.7  The  r**d 

Th*  f**d  to  th*  puls*  lin*  la  critical.  It 
must  ooa*  in  th*  side  of  th*  lin*  and  distributed 
capacitance  of  th*  feed  suat  b*  minimised  ts  avoid 
puls*  distortion.  Th*  design  of  th*  f**d  is  shown 
in  rlyur*  6.  A  polyurethane  diaphragm  Mparatas 
tha  oil  and  th*  *thyl*n«  glycol.  It  is  tapored  to 
move  bubbles  to  a  low  field  region.  Tit*  oorona 
surfaces  ar*  designed  to  r*duc«  th*  maximus  fie.'.d 
strength  and  direct  it  away  from  th*  dielectric 
surfaces. 


SWITCH  INDUCTANCE 


The  isolation  inductor  la  placed  la  Um  ail 
just  below  the  food  to  minimise  the  capacitance 
that  la  Man  by  tha  llna.  rUcUf  tha  inductor  in 
tha  glyool  waa  considered,  hue  with  tha  high  u4 
complicated  fielde  noar  tha  lino,  breakdown  waa 
feared. 

I.i  fulne  Una  Peeign 

Computation*  of  circuit  parformaac*  aha wad 
that  tha  ;1m  for  tha  fir  at  pulaa  look  ad  food  but 
mbaaquer.t  pulaa  a  vara  degraded.  Conaequantly, 
extra  capacitance  before  tha  awitch  waa 
i.-.veacigeted  *a  a  senna  to  lap  rove  liseeimi'.  Xt 
vac  thought  that  a  tape  rad  Una  o.i  one  side  should 
glva  tha  heat  ve  wafer*,  but  computations  showed 
that  a  diaertta  capacitance  on  each  aida  performed 
bettor.  Therefore,  tha  circuit  ahovn  in  figure  7 
was  employed. 

The  value  of  vf.a  selected  for  the  beat 

computed  waveforae.  The  typical  ooaputod  and 
seaaured  risetimea  are  13  na  for  the  firat  pulaa, 
16  r.a  fo>  tha  second  pulaa,  and  19  na  for  the 
third  pulaa,  the  aeoond  and  third  pulaea  rlsa 
faster  than  would  be  expected  f roe  quadrature 
addition  of  ttiae  Constanta.  The  actual  pulaa  Lina 
la  shown  In  figure  3, 


Lin«  Lint 


Figure  8  Pulttilne  without  apoxy  collars. 


the  capacitance  of  the  food  turned  out  bo 
have  a  severe  Impact  oa  tha  wavafona.  Therefore, 
epoxy  oellar*  were  aada  Vo  fit  around  tha  feed 
Una  Inal  da  of  tha  athylaaa  glyaol  { sea 
flgura  9).  Tbaea  collars  reduced  the  capacitance 
enough  to  correct  tha  wave  fora. 


Fiour«  9  Pulsalint  with  apoxy  colisrs. 
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In  ord.r  to  minimis*  reflections  th*  and 
of  eh*  pula*  and  to  connect  to  eh*  load,  a  Motion 
oi  lin*  was  placed  b*cw**n  eh*  first  switch  and 
eh*  termination  resistance  and  load.  To  provide 
eh*  trigger  tor  switch  nuaher  1.  ehia  lin*  alao 
ha*  a  feed.  diaphragm,  and  iaolaeion  inductor. 

Th*  inductor  la  about  30  uH,  doubl*  eh*  other 
iaolaeion  inductance*. 

2.9  toad  riiear 

Sincu  eh*  load  itaeli  doe  a  not  provide  suffi- 
clane  damping.  raalacano*  In  aarlaa  with  th*  load 
becomes  important  (see  ripira  10).  however , 
filament  power  la  needed  tor  the  thermionic 
ctehoda.  *  filament  inductor  muac  therefore  be 
used  in  parallel  with  the  aeriea  resiatanc*.  In 

LOAD  FILTER 


addition,  th*  water  raelator  he*  hifh  parallel 
capacitance.  Thus,  a  parallel  XL C  filter  network 
is  pieced  In  nrles  with  th*  load.  Titer*  1* 
therefor*  opportunity  to  select  th*  value*  In 
order  to  enhance  th*  waveform.  Tor  good  rise time, 
th*  filter  must  be  underdamped.  However,  this 
make*  th*  performance  sensitivj  to  risetima. 
•ecauae  th*  nuadter  of  arc  channel*  in  a  switch 
varies  with  pul as  chary*  voltag*.  switch  pressure 
and  triggering,  the  awitch  inductance  and  thus  th* 
pula*  riaetir  *  are  a  function  of  mtltaye.  The 
risetima  is  alao  affected  by  the  placement  of 
epoxy  oollars  on  the  feed*.  Thua.  an  additional 
tuning  mechanism  is  provided  for  waveform  adjust¬ 
ment. 

2. 10  Pulse  Generation  and  th*  Teed  Problem 

The  effect  of  excess  faed  capacitance  depends 
on  whether  the  line  section  is  generating  or  only 


transmitting  a  pulse .  in  a  generating  lin*.  th* 
feed  capacitance  is  charged  initially  and  *uppli«s 
too  much  voltage  in  th*  second  half  of  th* 
puis*.  In  a  transmitting  lin*.  th*  feed  uncharged 
c*p*cit*nc*  tend*  to  absorb  energy  from  the  first 
half  of  th*  pule*.  Th*  n*t  result  Is  a  puls*  with 
a  radically  different  ria*  than  that  tor  which  th* 
filter  was  initially  tun*d.  Mow*v*r.  th* 
reduction  of  oapacitanc*  in  th*  toed*  by  W*  addi¬ 
tion  of  epoxy  oollars  and  the  tunif.-  o i  th*  filter 
gave  acceptable  waveform*. 

2.11  Hereed  Isas 

Another  requirement  la  th*  ability  to  awry* 
either  pair  of  two  pulses  or  all  three.  The  line 
•witch  cannot  be  used  because  the  two  lines  it 
connects  would  be  charged  at  the  seam  time,  so 
there  would  be  no  voltage  on  the  switch.  Th* 
merging  must  therefor*  be  don*  mechanically. 

Simply  replacing  a  switch  with  a  tube  of  th*  line 
diameter  would  result  In  a  pule*  which  is  too 
long.  In  order  to  overcome  these  problems,  a 
bridge  we*  designed  with  the  same  average 
inductance  and  a  shorter  electrical  length  Is** 
rigurs  11).  Thee*  requirements  wsrs  mst  with  two 
scrylic  slabs  with  appro  prints  shapes  holding 
them. 


Figure  1 1  Pulieiine  bridge. 


2.0  fAULT  ICSES 


s.o  conclusion 


Two  principal  fault  soda*  h*v«  been 
encountered.  The  first  is  a  Merx  generator 
prefire.  Usually,  neither  the  switch  ahaad  nor 
tha  switch  bahlnd  firs*,  so  the  Marx  9anarator  and 
pulsa  Una  ring  many  tines.  When  tha  voltage 
parslsts,  aiehar  a  switch  face  or  a  diaphragm  say 
avantually  flash  ovar  and  causa  damage.  Tha  seme 
problem  can  occur  if  tha  lina  switch  fails  to 
fira. 

In  ordar  to  protact  against  thasa  failure 
sodas  an  adjustable  diverter  switch  is  placed  in 
the  lina.  It  is  spaced  so  that  it  will  fira  wall 
after  tha  pea X  of  tha  first  charge  cycle. 

4.0  PERfORMA-NCE 

figure  12,  a  through  d,  shows  the  performance 
of  tha  syatea  under  several  conditions.  12ai  eil 
three  pulses  are  at  000  XV.  The  pulse  separations  are 
about  140  ns  and  90  ns,  respectively,  which  Is  lasa 
that  the  1(0  ns  minimum  timing  required.  These 
delays  ware  c  ho  a  an  in  ordar  to  gat  all  of  tha 
pulses  on  ona  trace  with  a  fast  enough  sweep  to 
show  detail.  Mote  the  plateau  on  tha  fall.  ~ 

12b >  pulsa  no.  1  is  at  1.25  MV.  Tha  pictura  is  a 
group  of  fiva  tracts  ovtrlald.  12ct  tha  first  and 
second  pulses  swrged  at  820  XV.  Tha  first  adniaum 
free  lina  no.  1  is  too  deep,  but  has  since  baen 
lassanad  by  tuning.  12di  ail  three  pulses  merged 
at  850  XV. 


50  nt/div  (d)  50ni/div 


Tha  H-2  Pulsar  is  a  unique,  complicated 
system,  built  to  satisfy  a  detailed  and  difficult 
specification.  It  la  distinctly  different  from 
previous  systems  in  tha  areas  of  pulse  generation, 
switching,  triggering,  and  load  matching.  A 
higher  level  of  reliability  haa  bean  needed  than 
was  customary  In  previous  pulsed  power 
equipment.  However,  after  encountering  and 
solving  many  planned  and  unplanned  problems,  tha 
system  will  soon  be  ready  for  acceptance  casting. 

Tha  were  form  specifications  are  expected  to 
be  mat  on  risetima,  width,  ripple,  and 
undershoot.  Tha  fall  under  some  conditions  has  a 
short  plateau  at  about  22%,  which  makaa  tha  90-10% 
time  eaceed  40-rut  limit.  However,  there  is  good 
reason  to  believe  that  tuning  with  tha  collars  and 
filtsr  can  *11x1  net a  this  problem.  Fortunately, 
tha  uaa  of  this  kind  of  pulsar  In  other 
applications  where  Impedance  matching  la  more 
straight  forward  would  make  many  of  tha  we va fora 
pro blame  easier. 

Tha  amplitude  la  laaa  than  axpactad  because 
tha  capacitance  of  tha  pulse  lina  la  greeter  than 
calculated.  However,  It  la  expected  that  tha 
reaxlmae  output  voltage  will  be  about  1.4  MV. 

The  technology  developed  in  this  project  has 
bean  hard  won,  but  appears  to  be  quite  valuable 
and  readily  useable  In  a  variety  of  other  applica¬ 
tions. 
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Figure  12  Pulser  waveformt. 
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Abstract 

The  behavior  of  surface  discharge  switches  at  high 
pressures  operating  Into  laser  and  resistive  loads 
has  been  studied.  The  experiments  utilized  the 
spark  gap  as  a  transfer  switch  between  a  pulse- 
charged  ethylene  glycol  transmission  line,  (30  ns, 
1.4  n)  and  a  17-n  low- Inductance  load  resistor,  as 
well  as  a  multiatmosphere  rare-gas  halide  laser. 

The  behavior  of  the  spark  gap  breakdown  voltage  and 
number  of  channels  upon  charging  voltage  and  gas 
pressure  In  the  spark  gap  was  studied  In  detail. 

The  spark  gap  operation  under  laser  and  resistive 
load  conditions  will  be  compared  and  related  to  a 
•  order  model  of  the  gap  breakdown.  Scala- 
*y  to  higher  voltages  will  be  discussed  In  the 
context  of  this  model. 

Recent  experiments  with  high-pressure  surfece  dis¬ 
charge  switches  have  clearly  Illustrated  their  po¬ 
tential  as  transfer  elements  between  low-impedance 
transmission  lines  and  high-pressure  discharge 
lasers.1  Under  pulse-charged  conditions,  such 
transfer  switches  demonstrate  quite  reproducible 
closure  simultaneity  (<5  ns)  at  40  channels  per 
meter  and  a  switch-plus-laser  hold-off  of  150  kV.Z 
It  Is  the  purpose  of  this  note  to  present  the  char¬ 
acteristics  of  such  a  switch  under  resistive  load 
conditions  In  precisely  the  same  geometry  as  the 
laser  loar.  In  this  way  It  will  be  possible  to 
correlate  the  performance  observed  of  the  switch 
under  both  conditions,  and  we  shall  attempt  to  bring 
some  physical  understanding  to  the  results  through 

*W.  0.  Sarjeant  was  with  NRC  when  this  work  was  In 
progress.  He  is  now  a  staff  member  at  the  Los 
Alamos  Scientific  Laboratory  in  Los  Alamos,  NM 
87545. 


an  elementary  model  of  the  switch-closure  phase. 

The  major  point  of  Interest  in  this  device  Is  the 
significant  hold-off  voltages  that  can  be  achieved 
through  high-pressure  operation  In  contrast  to  pre¬ 
vious  studies  at  atmospheric  pressures. 

The  switch  and  test  geometry  Is  shown  In  Figs.  1 
and  2  respectively.  In  order  to  test  operation 
with  a  resistive  load  and  to  eliminate  the  effects 
that  the  laser  might  have  upon  switch  closure  and 
hold-off,  the  laser  head  was  filled  with  a  con¬ 
centrated  solution  of  detergent  In  water  and  gave  a 
load  resistance  of  17  n.  A  lower  resistance  was 
not  practical  as  such  materials  as  copper  sulphate 
or  acetic  acid  had  previously  been  shown  to  have 
deleterious  effects  upon  the  laser  components.  The 
switch  has  been  described  In  detail  previously, 
and  the  only  change  In  this  study  was  the  reduction 
In  the  switch-electrode  spacing  to  1.27  cm  In  order 
to  test  the  effects  such  a  change  might  have  upon 
laser  performance.  At  this  narrower  spacing,  no 
significant  change  in  the  laser  operation  was  ob¬ 
served  when  the  gap  gas  pressure  was  Increased  so 
that  the  system  breakdown  voltage  was  the  same.  In 
the  tests  of  this  switch,  mounted  as  shown  in  Fig. 

•  2,  the  gap  was  pressurized  with  high-purity  nitro¬ 
gen,  and  voltages  on  both  sides  were  monitored.  A 
small  B  correction  (—  5JC)  was  applied  to  the 
oscilloscope-recorded  data.  The  performance  of  the 
spark  gap  with  the  laser  was  checked  In  this 
configuration,  wherein  the  transmission  line  was 
filled  with  ethylene  glycol,  (30  ns,  1.4  n).  Using 
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0.4  yF  the  storsge  capacitance  gave  a  charging 
time  of  90  ns  at  95-kV  dc.  The  output  energy  was 
then  O.S  J  at  a  peak  voltage  of  ISO  kV  and  a  gap 
pressure  of  3  atm  of  nitrogen.  It  must  be  pointed 
out  that  the  laser  energy  was  a  slowly  varying 
function  of  everything  except  the  laser  gas  composi¬ 
tion.  For  this  reason  in  particular,  it  was  decided 
to  study  the  spark  gap  characteristics  under  resis¬ 
tive  load  conditions  as  described  below. 

The  breakdown  field  in  HV/m  was  first  studied  for 
.«  two  fixed  dc  voltages  shown  in  Fig.  3.  The 
field  was  calculated  from  the  voltage  across  the 
spark  gap  at  breakdown  and  the  gap  spacing.  No 
field  enhancement  was  incorporated  into  the  calcu¬ 
lated  field.  For  both  sets  of  data,  a  linear  rela- 
tion  was  expected,  but  not  observed  for  the  lower 
voltage  case.  It  was  also  observed,  for  the  95-kV 


charging  voltage  (6).  that  the  breakdown  field 
was  inversely  proportional  to  the  square  of  the 
time  to  breakdown.  This  is  the  same  behavior  as 
was  found  in  the  laser  case  at  high-charging 
voltages,2  and  w*  will  sketch  a  rough  model  for 
this  behavior  presently.  At  the  lower  voltages, 
the  breakdown  voltage  per  channel  varied  linearly 
with  nitrogen  pressure  as  illustrated  in  Fig.  4, 
as  -he  charging  voltage  varied  from  35  to  95  kV. 

In  order  to  assess  whether  or  not  the  absolute  dc 
chargii.%  voltige  had  any  effect  upon  the  breakdown 
voltage,  a  single  experiment  was  carried  out  at  I 
atm  of  nitrogei,  gas  pressure  in  the  gap,  and  the 
data  are  shown  in  Hg.  5.  Note  that  only  a  slight 
decreasing  trend  is  evident,  indicating  that  the 
breakdown  electric  field,  increasing  with  dc  volt¬ 
age,  is  being  scaled  by  some  other  parameter.  As 
a  result  of  circuit  characteristics,  the  charging 


Fig.  3.  Breakdown  electric  field,  E,  as  a  function 
of  the  nitrogen  gas  pressure  in  the  surface 
spark  gap  for  dc-charging  voltages  of  (A) 

35  kV  and  (B)  95  kV.  The  breakdown  elec¬ 
tric  field  increases  linearly  with  gas 
pressure  (E  *  1.4  Pjj  +  3.0)  at  the  higher 

voltage  (B).  2 


Fig.  4.  Breakdown  electric  field  per  channel.  E/n, 
for  two  dc-charging  voltages.  At  a  charging 
voltage  of  35-k9  dc,  E/n  *  0.04  P(,  +  0.11 

and  at  95  kV,  E/n  -  0.11  ?tl  +  0.05.  In 

both  cases  E/n  increased  linearly  with  gap 
gas  pressure. 
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Fig.  5.  Ratio  of  the  breakdown  electric  field  to 
the  dc*charg1ng  voltage  as  a  function  of 
the  latter  for  a  fixed  gap  gas  pressure  of 
1  atm  of  nitrogen.  The  data  show  a  slow 
decrease  as  the  charging  voltage  approaches 
0.09  MV. 

t1r.e  is  decreased  as  the  charging  voltage  Increases 
and  experimental ly 

V?2  ■  0.6  =  0.1  ,  (1) 

where  V  Is  the  breakdown  voltage  of  the  spark  gap 
in  kilovolts  and  T  Is  the  time  to  breakdown  In 
microseconds.  This  can  be  converted  to  field  units 
iMV/m)  by  dividing  by  the  gap  spacing  so  that 

ct2  ■  0.05  z  0.01  .  (2) 

Thus,  the  increased  breakdown  field,  E,  Is  obtained 
(n  this  case  through  a  faster  charging  time,  for  a 
*ixed  spark  gap  nitrogen  gas  pressure  of  2.5  atm. 

It  is  interesting  to  speculate  upon  the  behavior  of 
this  constant  on  the  right  of  Eq.  (1).  For  the 
sane  charging  waveform  risetime,  gas  pressure  and 
charging  voltage  but  a  gap  spacing  of  2  cm,  this 
constant  was  found  to  be  1.2  even  though  a 
water-filled  transmission  line  was  employed. * 

It  may  be  then  that  this  approximately  linear 
variation  in  the  constant  with  spacing  is  a 
fundamental  oarameter  in  surface  gaps.  If  Eq.  (1) 
of  this  -ote  and  Eq.  (2)  in  the  study  with  the 
*aser  load^  are  divided  by  the  gap  spacing,  then 
in  the  field  units 


where  the  gap  spacing,  d.  Is  in  meters  and  the  gas 
pressure  Is  fixed  at  2,5  atm.  Since  the  detailed 
operation  of  this  gap  has  not  yet  been  measured 
for  long  charging  times  ("microseconds)  and  other 
gas  pressures,  the  parameter  limits  at  which 
Eq.  (4)  falls  remain  to  be  determined. 

Ourlng  the  study  of  the  gap  hold-off  for  this 
resistive  load,  It  was  felt  that  a  first-order 
model  was  necessary,  let  us  consider  the  gap 
breakdown  phase  for  one  streamer.  Suppose  this 
streamer  were  constrained  to  drifting  across  the 
gap  surface  at  some  drift  velocity,  vd,  and 
furthermore  that  this  velocity  remained  sensibly 
constant  during  the  time  to  breakdown,  t.  Then 
the  electron  current  density  in  the  streamer  Is 
roughly  given  by6 

J  •  ne  e  vd  ,  (4) 

where  n#  Is  the  electron  density  and  e  the  elec¬ 
tron  charge.  Now  one  can  further  postulate  that 
this  current  density  Is  directly  related  to  the 
electric  field,  E(x,t).  a  conductivity  c  and  a 
field  enhancement  factor,  a,  as 

J  «  E(x,t)  sc.  (5) 

In  this  model,  x  Is  the  distance  frea  the  positive 
electrode  in  the  spark  gap,  and  Its  maximum  value 
Is  4  meters.  The  charging  waveshape  is  Increasing 
linearly  with  time,  as  determined  experimentally, 
so  that, 

E(x,t)  «  E{x)  t  A  ,  (6) 

where  A  is  a  constant.  He  are  now  going  to  assume 
that  E(x)  remains  constant  at  E  as  x  varies  from  0 
to  d.  Lastly  we  will  take  the  mean  drift  velocity 
for  the  streamer  as 


Since  0  is  the  seme  in  Eqs.  (4)  and  (5),  a  relation¬ 
ship  between  the  parameters  can  be  obtained  by  exe¬ 
cuting  a  double  integration  over  x  and  t.  Hence, 
for  a  fixed  spark-gap  nitrogen  gas  pressure 

d  7  rr' 

/A  evd  dt  dx  :  a  A  E  t  dt  dx  ,  (8) 

0  0  0  0 

or  substituting  for  vd  using  Eq.  (7)  and  perform¬ 
ing  the  integration  yields 

-2 

n(  e  d  ■  c  a  A  E  .  (9) 

As  a  further  simplification,  it  is  presumed  that 

■  a  constant  .  (10) 

Then  Eq.  (9)  becomes 

E  T~d**  *  a  constant.  (11) 

The  experimentally  determined  gap-breakdown  field 
and  time-to-breakdown  relationship  agrees  then  with 
the  results  of  this  model.  The  breakdown  field 
also  Increases  linearly  with  gap  spacing  as  was 
observed. 

Further  model  development  will  be  required  to 
explain  the  E/n  and  hold-off  dependence  with  gas 
pressure.  Preliminary  measurements  of  the  spark 
gap  hold-off  using  SFg  as  the  Insulating  gas  have 
shown  a  substantial  increase  in  hold-off  capability. 


Further  measurements  with  various  gases  and  gas 
mixtures  may  well  show  that  significant  Improvements 
in  the  device  performance  parameters  are  feasible. 
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Abstract 


The  properties  of  10  to  30  kv  four  elect¬ 
rode  field  emission  pre-ionized  triggered 
spark  gaps  have  been  studied.  A  mid-plane 
off-axis  trigger  electrode  is  biased  at 
+Ve/2 ,  and  a  field  emission  point  is  loc¬ 
ated  adjacent  to  and  biased  at  the  ground¬ 
ed  cathode  potential.  Simultaneous  appli¬ 
cation  of  a  -V  trigger  pulse  to  both  the 
electrodes  results  in  the  rapid  sequential 
closing  of  the  anode-trigger  and  trigger- 
cathode  gaps.  The  observed  jitter  is 
about  1.5  ns.  Parallel  operation  of  these 
gaps  (up  to  10  so  far)  connected  to  a  com¬ 
mon  capacitive  load  has  been  studied.  A 
simple  theory  that  predicts  the  number  of 
gaps  that  may  be  expected  to  operate  in 
parallel  is  discussed. 


Introduction 

One  of  the  present  problems  in  high  volt¬ 
age  technology  is  the  construction  of  low 
inductance  ligh  voltage  switches  that  may 
be  operated  at  high  repetition  rates  for 
extended  periods  of  time.  The  parallel 
operation  of  spark  gaps  switching  a  common 
capacitive  load  nay  be  a  step  toward  re¬ 
solving  one  or  more  aspects  of  this  pro¬ 
blem.  Spark  gaps  can  be  operated  in  para¬ 
llel  if  each  gap  is  pre-ionized  thereby 
avoiding  the  statistical  lag  time  that 
results  in  large  jitter  times  for  most 
triggered  spark  gaps. 

'•’«  have  studied  the  operation  of  the  four 
electrode  arrangement' shown  in  Figure  1. 

A  mid-olane  off-axis  trigger  electrode  is 
biased  at  +VQ/2,  and  a  pointed  field  emis¬ 
sion  electroce  is  located  adjacent  to  and 
biased  at  the  grounded  cathode  potential. 
Simultaneous  application  of  a  -VQ  trigger 
pulse  to  both  the  electrodes  results  in 
the  following  rapid  sequence  of  events: 

alT.he  small  jitter  photo  pre-ionization 
of  the  anode-trigger  and  perhaps  the 
trigger-cathode  gaps  due  to  the  low 
jitter  electron  emission  and  weak  lum¬ 
inous  excitation  of  the  gas  near  the 
point. 


b)The  subsequent  closing  of  the  anode- 
trigger  gap,  followed  almost  immediately 
by  the  closing  of  the  trigger-cathode 
gap. 

The  above  sequence  can  be  observed  by  mon¬ 
itoring  the  trigger  electrode  potential 
during  the  application  of  the  trigger 
pulse.  As  shown  in  Figure  2,  with  the 
closure  of  the  anode-trigger  gap  the  trig¬ 
ger  potential  rapidly  rises  to  a  value 
roughly  equal  to  +V  .  This  results  in  an 
overvoltage  appearing  across  the  trigger 
cathode  gap  that  results  in  the  closure  of 
this  gap  and  the  return  of  the  trigger  pot¬ 
ential,  in  this  case,  to  slightly  less  than 


Figure  1:  Electrode  Arrangement  in  Cap 


Figure  2 : Trigger  Electrode  Voltage 
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A  second  and  important  characteristic  of 
triggered  spark  gaps  is  Che  performance  at 
reduced  applied  voltage.  X£  VQ  is  defined 
as  the  (sax.  hold-off  potential  (for  ex¬ 
ample  VQ  may  be  10,  20,  or  30  kv  etc, 
depending  upon  the  pressure  in  the  gap) , 
then  it  is  useful  to  measure  the  spark  gap 
jitter  time  X~  and  the  firing  delay  time 
as  a  £uiiction',o£  V/V_  where  V  is  the  ap¬ 
plied  DC  voltage.  The  results  of  such 
measurements  for  the  gaps  we  have  been 
studying  is  shown  in  Figure  3.  The  basic 
conclusion  that  may  be  drawn  from  Figure  3 
is  chat  when  V/V„  drops  to  about  0.75  or 
less,  then  the  jitter  suddenly  becomes 
very  large  and  the  gap  is  no  longer  work¬ 
ing  properly.  Observation  of  the  trigger 
electrode  potential  during  the  reduced 
applied  voltage  experiments  indicates  that 
when  the  jitter  suddenly  becomes  very  large 
(near  V/VQ  &  0.75),  the  closure  of  the 
trigger-cathode  gap  has  become  very  erratic. 


Figure  3:  Firing  Jitter  and  Delay  Time 
vs  Applied  Voltage. 


Theory 


Before  discussing  our  experimental  results 
concerning  the  parallel  operation  of  these 
spark  gaps,  it  is  perhaps  best  to  describe 
a  simple  thtiorv  that  predicts  the  number  of 
gaps  that  can  be  made  to  close  under  given 
experimental  conditions. 

Suppose  that  a  large  number  of  spark  gaps 
are  connected  in  parallel  across  a  common 
low  inductance  capacitive  load.  Assume, 
with  an  applied  voltage  VQ  and  appropriate 
triggering,  that  H  switches  are  observed 
to  close  wnere  N  is  less  than  the  total 
number  of  available  switches.  Starting 
with  the  first  switch  that  closes,  the 
total  time  required  to  close  H  switches  is 
approximately  /T-(H)’S,  where  "V-  is  the 
jitter  time  for  Individual  switches. 

As  the  first  of  the  switches  close,  the 
voltage  across  the  remaining  open  switches 
begins  to  decrease  according  to: 


V’A’o  °  cosu/t  -  1  -<*^t2/2  +  —  (1) 

Based  upon  our  measurements  of  an  individ¬ 
ual  switch  as  shown  in  rigure  3,  if  Ve  is 
the  maximum  hold-off.  voltage,  then  whin 
V/VQ  ff  0.75  the  individual  switches  become 
very  erratic  and  no  more  switches  may  be 
expected  to  close.  Thus  the  last  or 
switch  fires  when: 

u^i2/2  »  0.25 

or  .  (2) 

t  *  (0.5)V«tf*  * 


Xf  the  switches  in  the  array  are  well  sep¬ 
arated  so  the  inductance  of  M  switches  is 
L0/K,  where  L  is  the  inductance  of  an.  is¬ 
olated  switch?  and  taking  u>~  "(N/L0Cp, 
where  C  is  the  total  load  capacitance, 
then  the  number  of  switches  chat  will  close 
is  given  by: 

S  .  lO  SI^CI*  (31 

For  the  switches  we  are  studying  the  jitter 

time  «  1.5  ns.  Thus 
<7 

N  -  O.SajjCj’s,  (4) 

where  X,0  and  C  are  the  individual  switch 
inductance  and  total  load  capacitance  in 
nH  and  nF  respectively.  Given  below  is  a 
comparison  between  experiment  and  theory 
for  the  switches  we  have  studied  so  far. 

HUMBER  OF  . 

CASE  SWITCHES  N  •«  0.5 (L-Cp 

_ THAT  FIRED  _ 


L? 

C 

*8 

l8 

“8 


30nH 

3nF 

4 

to  5  out  of  6 

5 

30nH 

38nF 

9  out  of  9 

17 

30nH 

8.4nF 

7 

to  8  out  of  9 

S 

30nH 

7.5nF 

7 

to  8  out  of  15 

Ml 

r- 

30nH 

15nF 

9 

to  10  out  of  15 

10.5 

39nH 

8 .  InF 

5  out  of  5 

9 

39nH 

4 

to  5  out  of  5 

5 

2.7nF 
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Experiment 

The  experiments  was*  carried  out  by  count¬ 
ing  an  assay  o f  four  electrode  spark  gaps 
in  a  long  aquas*  (l*i“  x  l*j"  or  2“  x  2") 
plastic  tub*  with  a  spacing  of  2  inches 
between  switches.  ?h«  capacitive  loads 
were  son* tines  large  flat  aluminum  plates, 
or  in  ocher  cases  a  saw  of  barium  titinaee 
capacitors  closely  coupled  to  the  anode 
and  cathode  cf  the  switch  array.  The 
trigger  and  emission  electrodes  were  each 
supplied  with  individual  coupling  capaci¬ 
tors  energized  from  a  common  pulsed  bus¬ 
bar.  The  electrode  spacing*  were  about 
1.5  to  2  mm,  and  the  operating  pressures 
for  the  gaps  ranged  between  0  to  30  psig 
nitrogen  for  voltages  between  10  and  30  kV. 
Easy  access  to  the  trigger  electrode  was 
found  to  be  important  as  this  electrode 
sometimes  needs  to  be  adjusted  in  or  out 
in  order  to  tune-up  the  array  of  gaps. 

Figure  A  is  a  photograph  of  an  early  ver¬ 
sion  of  a  15  element  array.  In  this  case 
the  electrodes  were  1/S"  dia.  1%  thoriated 
tungsten  reds.  The  small  diameter  elec¬ 
trodes  proved  unsatisfactory  for  voltages 
above  20  kV,  and  the  measured  tungsten 
wear  rata  of  5  x  10“5  gn/Coul  (1  atom  per 
40  electrons)  was  a  bit  large.  It  was 
observed  that  only  the  anode  suffered  sig¬ 
nificant  wear,  perhaps  due  to  the  addi¬ 
tional  trigger  energy  absorbed  by  this  gap. 


Figure  ■?:  Early  version  of  15  element 
triggered  spark  gap  array. 


Figure  5  is  a  photograph  of  a  later  version 
of  a  5  element  switch  for  which  the  first 
element  is  actually  switching  a  built-in 
alumlein  structure  that  generates  the  trig¬ 
ger  pulses  for  the  remaining  5  elements. 

The  voltage  across  all  elements  is  the 
applied  voltage.  This  arrangement  has  the 
advantage  that  the  trigger  or  command  ele¬ 
ment  cen  have  a  slightly  smaller  gap  spac¬ 
ing.  Thus  a  free-run (or  not  external  trig¬ 
gered)  operation  of  the  switch  will  result 
in  the  triggering  of  all  gaps,  thereby 
preventing  the  accidentia!  transfer  of  all 
the  charge  on  the  load  capacitor  through 
one  of  the  gaps.  The  spark  gap  array  shown 
in  Figure  5  haa  *»"  die.  30%  copper-70%  tung¬ 
sten  electrodes,  and  it  has  been  operated 
at  voltages  between  10  and  35  kV, 

Most  of  the  switches  discussed  in  this  paper 
have  b^en  operated  at  repetition  races  up 
to  60  Hz,  and  in  somes  cases  for  as  long 
as  20  million  pulses.  Figure  6  is  the  open 
circuit  output  from  a  flat  plate  alumlein 
charged  to  20  kV  and  being  switched  by  a 
9  element  array  at  60  Hz.  The  capacitance 
being  switched  is  #.%  nF.  The  curve  shown 
indicates  an  inductance  and  resiatanc*  of 
about  3.7  nH  and  0.075  Ohms  respectively 
for  the  9  gap  array. 


In  summary,  we  have  studied  the  parallel 
operation  of  pre-ionized  triggered  spark 
gaps,  and  we  have  investigated  some  of  the 
criteria  that  must  be  met  for  successful 
operation  of  these  systems. 


Figure 


z: 


Later  version  of  6  element 
spark  cap  array  having  a  built- 
in  Blunlcin  trigger  generator. 
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A  STREAMED  MODEL  FOR  HICK  VOLTAGE  WATER  SWITCHES 


r.  J.  SA2AMA  and  V.  L.  KESm*.  XXI 


Abstract 


Naval  Surface  Weapons  Center 
White  Oak,  Silver  Sprint)  Maryland  209X0 


An  electrical  switch  nodal  for  high  voltage  water 
switch**  hat  been  developed  which  pradiccs  screamer- 
switching  effe cts  chat  corralaca  wall  with  water- 
switch  data  iron  Casino  ovar  tha  past  four  yaars  and 
with  switch  data  iron  raccnt  Aurora/AMF  axpariaar.es. 
Preclosure  "rounding"  and  poscclosura  raaiaeiva 
daaping  of  pulseforming  llna  volca|a  vavaforaa  ara 
axplainad  in  tans  of  spaclally-txtensive,  capaci- 
cive-coupllng  of  tha  conducting  straaaars  as  they 
propagata  across  tha  gap  and  in  earns  of  eiaa- 
dapandanc  straaaar  raslstanea  and  induecanca.  Tha 
arc  raslstanea  of  tha  Casino  vacar  switch  and  of  a 
gas  switch  undar  cast  on  Casino  was  datarnlnad  by 
coaputar  fit  to  ba  0. 5+0.1  ohss  and  0.3+0.06  oh*a 
raspactlvaly,  during  tKa  time  of  paak  currant  in 
tha  power  pulsa.  Enargy  lose  in  tha  water  switch 
during  tha  first  pulsa  is  1ST  of  that  stored  in  the 
pulstforming  llna  while  similar  enargy  lost  in  the 
gas  switch  is  lit.  The  nodal  is  described,  computer 
transient  analyses  ara  coapared  with  observed  water 
and  gas  switch  data  and  the  results  -  switch  resist- 
anca,  Inductance  and  energy  loss  during  tha  prinary 
power  pulsa  -  are  presented. 


Introduction 

The  sanitation  of  terawatt  power  pultas  in  high- 
current  relativistic  electron  bean  nachines  is 
United  primarily  by  the  performance  of  switches 
at  the  input  and  output  to  the  pulsefoming  line. 
Currently  water-arc  switches  ara  aosc  commonly  used 
in  these  machines  end  ara  expected  to  dominate  high- 
power  switch  technology  for  some  time.  One  of 
the  major  deficiencies  of  water  switch  technology 
is  tha  lack  of  a  suitable  model  which  accurately 
describes  switch  performance.  Tha  experimental 
difficulties  of  accurately  measuring  tha  resistance 
of  tha  water  arc  and  tha  energy  dissipated  in  tha 
switches  in  an  actual  accelerator  are  considerable. 
This  research  was  directed  cowards  achieving  a 
better  understanding  of  water-switch  electrical 
behavior  at  Casino  and  Aurora/AM?  with  the  ultimate 
goal  of  aiding  tha  development  of  high-power 
generators  with  improved  power  output  and  energy- 
transfer  efficiency. 

The  Cawino  generator  (Figure  1)  has  a  single  output 
water  switch  from  the  pulseforaing  line  into  a 
transformer  and  diode  load.  A  review  of  the 
pulseforming  line  voltage  measurements  taken 
routinely  during  the  past  four  years  reveals  that 
the  tip  of  the  waveform  near  the  negative-voltage 
peak  is  occasionally  rounded.  This  rounding  was 


previoualy  thought  to  ba  due  to  switch  cloture 
occurring  near  the  rounded  peak  in  the  pulseforming 
line's  resonance-charging  waveform.  However,  care¬ 
ful  measurement  of  the  Marx  and  pulseline  electrical 
parameters  revealed  that  tha  twitch-rounding  effect 
waa  entirely  Independent  of  the  rounding  associated 
with  the  resonant  charging  peak  (Figure  2).  Round¬ 
ing  is  thus  a  normal  characteristic  of  water-twitch 
cloture.  Closure  waveforms  from  gas  switch***  being 
tested  on  Ceslno  confirmed  chat  iwltch-roundlng  was 
much  more  pronounced  with  the  water  switch  than  with 
the  gaa  switch.  This  prompted  formulation  of  a  more 
complete  electrical  modal  for  the  switch  which 
postulated  conducting  buah/acreamer  formation  as  the 
origin  of  these  observed  electrical  effect*.  In 
this  paper  the  switch  screamer  model  which  was 
developed  Is  described  and  chan  applied  to  avltch- 
voltage  waveform*  from  Caalno  and  Auror*/AMP. 

The  Switch  Model  , 

Recent  observations*  of  prebreskdown  events  in 
traniformer  oil  with  small  (2  an)  polnt/g.anc  gaps 
reveal  chat  multiple  electrical  pathways  or  "bushes" 
grow  subsonlcally  from  tha  cathode  point.  After 
cheat  buthaa  enlarge  a  distance  which  is  usually 
abouc  one-half  the  gap  spacing  or  less,  a  super¬ 
sonic  streamer  bridge*  the  gap.  The  streamer 
apparently  emanate*  from  the  bush.  Additional 
observations*  in  nitrobenzene  by  meant  of  Kerr 
fringe  patterns  directly  confirm  that  (1)  the 
cathode  bush  is  a  conducting  medium  and  (2)  there 
is  no  space-charge  distortion  between  the  leading 
edge  of  the  bush  and  the  opposite  plane  eleetrode. 

When  the  point  electrode  is  made  positive  with 
reapact  to  the  plane  only  a  supersonic  tree  bridges 
ch.i  gap.  Positive  screamer  studies  in  dielectric 
fluids  for  gaps  between  6  and  23  am  hav*  furthermore 
revealed  that  tha  positive  streamers  ar*  propagated 
at  constant  velocity  for  ac  least  up  to  90J  of  the 
total  gap.  Propagation  velocities  were  found  to 
b«  proportional  to  the  applied  voltage  and  to 
decrease  with  increasing  gap.  The  fact  that 
posicive  scrtacer  velocity  depends  upon  tha  gap  but 
not  on  its  position  in  the  gap  suggests  there  exists 
a  regulatory  mcchtnism  whsrebv  the  field  at  the 
streamer  tip  remains  constant. 


These  research  results  were  put  into  quantitative 
electrical  terms  for  switches  such  as  those  on 
Casino  or  Aurora/AMP  by  positing  that  the  positive 
tree-screamer  behaves  capscicively  as  if  the  anode 
were  supersonically  moving  toward  the  cathode  at 
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the  growth  velocity  ^Figure  3-top). 

The  electrical  scdal  which  was  developed  to  represent 
thU  effect  is  *hown  in  figure  3-lovar.  Th«  nodal 
iese riba*  an  anode-screamer  twitch  which  transfers 
energy  Iron  a  negatively-charged  pulseiorming  line 
connactad  at  noda  A  to  a  transformer  or  dioda 
connected  at  coda  S. 

The  component*  Ru  and  Cu  repres'/nc  tha  undisturbed 
watar  resistance  and  capacitance  of  cha  gap  and  ara 
coupled  by  tha  relationship, 


where  £  and  3  ara  cha  watar  permlcvivi cy  and  con¬ 
ductivity  respectively.  Similarly  *  and  C 
rapraaant  tha  undiscur&ad  watar  resistance  and 
capacltanca  iron  tha  anoda  cree/screamer  tips  cj 
tha  cachoda  at  A.  R  and  L  raprasar.c  cha  equivalent 
bush'sereaaer  resistance  ana  lnductanca  respectively. 
It  Is  assusad  chat  an  ensat  cisa  exist*  before  which 
no  anoda  eras  scructura  axlscs  in  tha  gap.  Ac 
Instants  of  cist  haloes  onaac  only  components  R^ 
and  C  ara  cenneetsd  in  tha  nodal  and  R  ,  C  ,  R 
and  ara  diaconnaccad. 

Application  to  Casino 

Tha  twitch  nodal  was  insartsd  Into  tha  Casino  ltapad 
parssatar  ganarator  nodal  which  w««  darivad  iron  cha 
axlsting  coaxial  llna  nodal  for  cha  accalaracor. 
Cemputsr  pradlccions  oi  cha  translanc  pulaallna 
voltaga  praclosura  "rounding"  and  poaeelosura 
damping  aiiaets  wars  chan  compared  with  observed 
voltage  vavaioms  ior  tha  watar  switch  (Figure  4) 
and  a  gas  switch*  being  tasted  on  Casino.  Fre- 
closure  rounding  was  wall  (it  by  invoicing  voluec- 
extensive  capacitive  coupling  batwaan  cha  iocer- 
alactrcda  anoda  trass  and  cha  opposite  switch 
cachoda.  This  voiune-axctnsive  coupling  required 
that  tha  entire  active  switch  volune  be  eventually 
iillad  with  conducting  branches  snd  pathways 
•  bushes  and  trees).  For  cha  Casino  water  switch, 
propagation  velocity  ior  anoda  tree  growth  was 
taken  to  be  S  x  10s  ser.tr*  par  second  based  on 
estimates  fros  Casino  water  switch  closure-time 
measurements.  For^che  gas  switch  a  propagation 
velocity  oi  1  x  l(j  neesrs  par  second  was  necessary 
to  iit  tha  observed  praclosura  rounding.  To  obtain 
agreement  in  the  poscclosurc  waveform  region  it 
was  necessary  ior  X  and  L  to  taka  on  the  time- 
depar.denc  values  shown  in  Figures  i  and  S.  The  tisas 
Cjt  t,(  t,  and  c,  are  respectively  cha  else  oi 
screamer  ffisec,  streamer  closure,  iirsc  voltage 
maximum  and  second  voltaga  sinlsua.  Peak  curranc 
passes  through  the  switch  batwaan  c  and  e,  hence 
the  switch  'osiscanee  and  inductance  durln("chac 
tine  interval  ara  critical  to  power  ouepue  and 
energy  transiar.  These  values  lsply  tha  lack  oi 
curranc  sharing  between  screaaer  paths  in  lact  ciat 
as  a  result  perhaps  oi  sons  paths  becoming  ex¬ 
tinguished. 

Application  to  AuroraiAMF 

The  Aurora/AM?  generator  differs  significantly  iron 
Casino  in  that  two  switches  -  one  at  the  input  and 
sne  at  the  output  oi  cha  pulseforsing  line  -  arc 
critical.  Computer  predictions  oi  che  pulseline 
voltage  waveforms  using  a  Aurora /AMP  luaped- 


paramecer  generator  aodel  derived  from  cha  distrib¬ 
utive  coaxial  line  aodel  with  a  aodalad  or  "real" 
input  switch  as  described  hart  (Figure  2-lover) 
and  an  ideal,  lossless,  instantaneously-closing 
output  switch  art  shown  in  Figure  6,  Tha  middle 
CU0.-VC  is  tha  predicted  voltaga  whan  a  streamer 
raalscanca  R  oi.2.45  ohas  and  a  propagation 
velocity  oi  2x10°  meters  par  second  ara  used  in 
tha  input  switch  nodal.  The  lowest  curve  is  cha 
predicted  voltage  whan  both  output  and  input 
switches  are  ideal,  lossless,  instancanaously- 
closlng  switches.  Iht  upper  curve  is  cha  available 
measured  data  which  did  noc  extend  beyond  2.10xl0~* 
second*  and  was  raplsced  arbitrarily  by  a  aero 
baseline  In  this  region.  This  lurprisingly  good 
iit  co  the  observed  waveform  was  achieved  solely 
on  tha  basis  oi  asaualng  an  input  switch  screamer 
raslscanca  R  oi  2.45  oha*  which  was  sealed  iron 
tha  Casino  water  switch  results.  An  equally  a.ood 
iit  co  che  observed  pulsellne  voltage  can  b* 
achieved  by  using  a  "real*  output  switch  a* 
dsscribtd  in  this  paper  and  positing  praclosura 
volume- extensive  capicclv*  coupling  co  cha  down¬ 
stream  transformer  sections.  Consequently  cha 
significant  reduction  0201)  in  peak  puls*  line 
voltaga  from  chat  oi  tha  ideal-input,  ideal-output 
switch  prediction,  can  be  explained  equally  wall 
by  two  distinct  mechanisms:  input  switch  posc- 
closura  raslscanca  or  ouepue  switch  prsclosura 
capacitive  coupling.  Vhen  additional  acreamer 
propagation  informaclon  ior  tha  switches  and  post- 
closure  daaped-vaveform  data  ha*  baan  obtained  tha 
relative  impo'  ance  oi  these  two  Mchanlsas  will 
undoubtedly  be  ascablished. 

Results 

An  electrical  scrtaaer-svicch  modal  has  baan 
developed  and  successfully  applied  co  (1)  tha 
Casino  high-voltage  water  switch  and  (2)  a  gas 
switch  under  case  in  cha  same  accalaracor. 
SpaciaDy-axcar.siva  capacitive  coupling  oi  . 
supersonic  cree/scr tamers  traveling  at  5  x  10s 
aecars  par  second  for  tha  water  switch  and 
traveling  1  x  10*  aecars  par  second  for  tha  gas 
switch  successfully  explain  tha  observed  praclosura 
rounding  effaces.  A  cina-dspandanc  scraamer-arc 
raslscanca  and  inductance  was  required  co  pradict 
the  observed  poscclosura  pulseline  voltage  peaks 
and  frequency.  Tha  arc  raslscanca  oi  tha  Casino 
wacar  switch  and  of  the  gas  ivir  was  dscsrslntd 
by  coapuesr  sensitivity  calculations  co  be  0.5  *  0.1 
ohms  and  0.3  +  0.06  ohms  respectively ,  during  the 
cisa  of  peak  currsne  In  tha  power  pulse.  Energy 
dissipated  in  these  water  and  gas  switch**,  alto 
during  the  iirsc  pules,  was  19.9  kJ  and  12.4  kJ 
rsspsctivsly  out  oi  110  kJ  scored  in  the  pulseline. 

An  extension  oi  chase  results  co  Aurora/Ah?  has 
succeeded  m  matching  the  observsd  waveforms  and 
compucar  pradlccions  suggest  chat  two  scrsaatr-swicch 
machanisss,  arc-screamer  raslscanca  in  the  input 
switch  and  spacially-exrenslve'  screamer  capacitance 
in  che  ouepue  switch,  are  playing  important  roles 
in  the  pulsed-power  produced  by  this  generacor. 
Accurate  descrlpcion  oi  the  Aurora/AMF  pulseiorming 
line  voltage  requires  sore  accurate  experisencal 
decersinacion  of  che  streamer  propagation  velocity 
in  both  Input  and  output  switches  and  a  decermina- 
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cion  of  the  postclosure  damped  waveforms  ior  the 
system. 

Conclusion* 

the  ;oit  oi  switch  screamers  in  accounting  for  che 
power  output  and  energy  balance  In  pulse  power 
accelerators  has  been  aore  clearly  established  by 
the  introduction  of  an  electrical  screamer-switch 
nodcl  which  describes  che  electrical  effects  taking 
place  in  large-area,  high-voltage  water  switches. 

Tha  streaaer  switch  aodel  reflects  the  iaporcance 
of  arc-streaaer  aechanlsas  in  che  breakdown  of  the 
water  insulsnt.  Streaaer  effects  are  of  obvious 
importance  in  elucidating  the  aechanlsas  of 
electrical  breakdown  and,  as  illustrated  by  this 
work,  are  also  important  in  establishing  che 
elsccrical  effects  of  those  breakdown  aechanlsas 
in  large  machines  where  propagation  velocity  is 
a  controlling  factor.  It  is  hoped  that  twitch 
models  as  herein  proposed,  will  becoae  useful  tools 
in  che  Improvement  and  future  design  of  pulsed->power 
accelerators. 

Future  effort  with  this  mode'  is  being  focused  (1) 
on  let  application  to  Aurora 'AMP  and  ocher  Machines, 
(2)  its  application  to  the  development  of  high-power 
gas  switches,  and  (2)  on  the  development  of  current- 
dependent  components  that  are  consistent  with 
streamer  channel  formation  enwtgles  and  hydrodynamic 
shock  effects  in  water. 
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Fig.  1.  Section  view  of  the  Casino  generator. 


Fig.  2.  Comparison  of  Casino  pulseforming  line 
(pfl)  voltage  rounding  uue  to  switch 
screamers  (dished)  and  due  to  resonance 
charging  peak  when  switch  is  not  closed. 
Sane  Msrx  charge  it  used  in  both  shots. 
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Fi*.  ].  Positive  erne  growth  shoving  heevy  screaaer 
channels  chac  eventually  for*  (cop)  and  ch« 
electrical  switch  aodel  of  the  protean 
(bottom). 
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..  ?fl  volcaee  for  the  Casino  vacer  switch 
canparins  aeasured  {— )  and  sodel  (—■?  with 
Sxl05  necers  per  second  screaaer  propa¬ 
gation  velocity  and  a  switch  gap  » 

<3. 219  aecers. 


Fig.  5.  Pfl  voltage  for  a  gas  twitch  under  test 
on  Catlno  coeqiaring.aeeaured  (ri  and 
model  with  ixlQ'  aecers  per  second 
screamer  propt|atlon  velocity  and  a 
twitch  gap  *  0.329  meters. 


•  • 
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Fig.  6.  ?fl  voltage  for  Aurora/AM?  vacer  switches 
coapering  (— )  and  aodel  .  The  inpuc 
switch  screaoer  resistance,  R,  was  taken 
co  be  2.13  ohss  while  the  output  switch 
was  Ideal.  Dashed  curve  is  pfl  voltage 
if  both  inpuc  and  output  sulcches  are 
ideal. 
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Abstract 


Prepulsc  voltage  suppression  has  proven  difficult 
In  high  power,  high  voltage  accelerators  employing 
self-breakdown  water  dielectric  switches.  A  novel 
and  cost  effective  water  switch  has  been  developed 
at  Sandls  Laboratories  which  reduces  prepulse 
voltage  by  reducing  the  capacity  across  the  switch. 
This  prepulse  suppression  switch  causes  energy 
formerly  stored  in  che  switch  capacity  and  dis¬ 
sipated  In  the  arc  to  be  useful  output  energy. 

The  switching  technique  also  allows  che  pulse 
forming  lines  to  be  stacked  in  parallel  end  elec¬ 
trically  Isolated  frost  che  load  after  the  line  has 
been  discharged. 

The  switch  consists  of  a  ground  plane,  with  several 
holes,  inserted  between  che  switch  electrodes. 

The  output  line  switch  electrodes  extend  through 
che  holes  and  face  electrodes  on  the  pulse  forming 
line  (7FL).  The  capacity  between  che  PFL  and  the 
output  transmission  line  Is  reduced  by  about  80  per¬ 
cent.  The  gap  spacing  between  che  output  line 
electrode  and  che  hole  In  che  ground  plane  is 
adjusted  so  chat  breakdown  occurs  after  the  main 
pulse  and  provides  a  crow  bar  between  the  load  and 
che  source.  Performance  data  from  the  Proto  II, 

Mite  and  Ripple  test  facilities  will  be  presented. 

Introduction 


A  prepulse  voltage,  arising  from  the  capacldve 
coupling  between  the  pulse  forming  line  (PPL)  and 
the  output  transmission  line  during  the  PFL  charge 
phase  can  cause  erratic  diode  performance  on  high 
voltage  accelerators.  elimination  of  che  prepulse 
has  proven  difficult.  Several  techniques  have 
been  eaployed  to  reduce  prepulse;  for  exanple,  two 
or  more  switches  can  be  placed  in  series  separated 
by  sections  of  transmission  lines,  plastic  barriers 
with  gas  switches  can  be  inserted  in  the  transmis¬ 
sion  line,  and  transmission  lines  with  oil  dielec¬ 
tric  insulation  and  twitching  can  be  inserted  in 
water  insulated  accelerators.  These  prepulse 
reducing  aethods  involve  costly  additions  to  large 
accelerators.  This  paper  describes  an  inexpensive 
and  siaple  switching  technique  which  reduces  pre¬ 
pulse  voltages. 


*This  work  was  supported  by  the  U.S.  Dept,  of 
Energy,  under  Contract  AT(29-l)-789. 


Description  of  Switch 


Models  of  a  flat  plate  pulse  forming  line,  switch, 
and  output  transmission  line  arc  shown  in  rig.  1. 
Figure  la  shows  s  conventional  switching  system  and 
Fig.  lb  shows  a  system  with  a  ground  plan*  between 
the  switching  electrodes.  Sy  Inserting  the  ground 
plan'.,  much  of  tha  stray  capacitance  between  the 
PFL  and  the  output  line  Is  diverted  to  capacitance 
between  the  PFL  and  ground.  Energy  previously 
stored  In  the  capacitance  between  the  PFL  and  the 
output  line  was  not  available  for  the  output  pulse 
because  the  switch  shorted  that  capacitance.  Vlth 
the  ground  plane  inserted,  this  energy  Is  now 
avsllsbl*  for  the  output. 


Fig.  1.  s.  Convenslonsl  switching  system. 

b.  Switching  system  with  ground  plsne. 


The  electrode  tips  of  the  switch  sre  field  enhanced 
so  that  che  breakdown  screamer  channels  originate 
from  che  negseivo  electrode.  Electrode  spacings 
can  be  determined  from  che  following  relationships 
derived  from  J.  C.  Martin's  formula  for  the  average 
screamer  velocity  (U)  in  water. 

d  -  4.02  x  10"4  VaDla  ce£;:/3  (MKS  units)  (1) 

where  Cc££  is  che  time  chat  che  voltsge  is  above 
63  percent  of  che  breakdown  voltage  VBD  and  d  Is 
the  gap  spacing. 

Since  field  enhancement  on  che  edge  of  hole  is 
grester  than  that  on  the  rod,  the  diameter  of  che 


hole  In  she  ground  plant  can  be  deccralned  either 
iron  £q.  1  t f  eh*  syscea  ts  charged  positive  os 
iron  the  following  c*laeion*hlpJ  If  eh*  syscea  1* 
charged  negative: 

d  -  .02:  v80<>«*  <:> 


where  she  unite  are  the  ease  a*  In  Eq.  1.  The  hole 
dlaneter  and  field  enhanceaenc  should  be  eueh  that 
breakdown  between  the  ground  plan*  and  the  output 
line  electrode  originate*  fro*  the  ground  plan* 
and  occur*  after  the  PEL  pul**  had  ended.  After 
breakdown  the  PEL  4nd  It*  charging  *ourc*  are  then 
Isolated  fro*  the  load. 

The  nuaber  of  twitching  point*  b"  can  be  detenlned 
fron  the  following  relationship 


2«rV30/(dV30/dt)  •  0.1  Tcocal  *  0.3  7trinj  (3) 


where  a  1*  the  fraction  standard  deviation  of  the 
breakdown  voltage  (VJ0)  of  the  awltch,  dVjD/dt 
1*  the  rate  of  charge  on  the  switch  at  breakdown, 
rcotal  :h*  luitch  fi*«tla*  and  1*  the 

transit  tin*  b*tw*«n  switch  point*  given  by  1 
for  a  switch  width  X  In  a  dielectric  with  constant 
C  and  c  •  1  ?  10*  a/a.  Typical  value*  for  <7  are 
•).J1  to  0.03. H  The  switch  e-fold  rlsetiae  la 
given  by  the  following:* 

where  l  la  the  Inductance  per  switch  channel,  2  la 
the  sua  of  the  PEL  and  output  line  lapedances,  and 
l  Is  the  scan  electric  field  In  the  switch. 

kasults  and  Discussion 

Tipple  and  Mite 

Initial  testing  of  this  switching. technique  w*s 
itne  on  the  .Tipple  test  facility."  A  prepulo* 
reduction  of  a  factor  of  3  was  achieved  vlch  the 
installation  of  the  sutceh  ground  plan*.  These 
results  pronpeed  the  adaptation  of  the  switches  to 
the  *!lta  facility.  Mite  Is  a  testbed  for  develop¬ 
ing  a  high  power  acceleracor  nodule  for  Sandla'a 
electron  beaa  fusion  prograa.*  Figure  2  la  a 
photograph  of  the  Mice  pulse  foralng  lines  and 
switches.  There  are  five  12.7  aa  dlaaeter  elec¬ 
trodes  per  PEL  extending  through  10.2  ca  dlaaeter 
holes  In  the  ground  plane. 

rIgure  3  Is  an  oscillograph  of  the  charging  voltage 
:n  the  PEL  and  the  voltage  In  the  output  transais- 
slan  line.  The  charging  wavefora  is  a  (1-cos  cut) 
vaveshate  with  a  switch  breakdown  at  2.3  MV  and 
t,,i  sc  JO  ns.  ‘.’sing  these  values  (n  Sq.  1  an 
electrode  separation  of  30.3  as  is  predicted  which 
is  very  close  to  the  actual  gap  spacing  oi  32.6  aa. 
The  aeasured  10-90  percenc  rlsetiae  of  22  ns  Is 
also  in  goad  agreenenc  with  that  calculated  froa 


Fig.  2.  Mite  pulse  foralng  lines  and  switches. 


Eig.  3.  Upper  trace  -  PEL  charge  voltngn. 

Lower  trace  -  output  line  voltage. 


Figure  *  Is  an  open  shutter  photograph  of  the 
switches  during  breakdown.  Mott  that  all  10 
switching  points  have  closed  and  that  aosc  of  the 
switches  have  closed  to  the  ground  plan*.  Since 
the  output  puls*  duration  was  not  shortened,  the 
gruund  plane  closures  occurred  after  the  pulss. 

An  advantageous  feature  of  this  switching  technique 
is  the  ability  to  connect  the  pulse  foralng  lines 
in  parallel  as  shown  In  Eig.  2.  Power  densities 
in  the  output  cransaisslon  lines  are,  therefore, 
Increased.  Curing  low  voltage  testing  of  the 
lines  and  switches,  a  pulse  was  fed  through  the 
ground  plane  holes  of  only  one  PEL  and  the  voltage 
on  each  side  of  the  output  line  was  aonitored. 

The  two  voltages  aeasured  were  within  35  percenc 
of  each  ocher.  The  effect  of  aisad juscaenc  of  the 
two  secs  of  switches  or  abnormal  switch  jitter 
beeween  the  two  secs  would,  therefore,  be  lessened 
by  this  alxlng  process. 


Fig.  4.  Open  shutter  photograph  o f  Hite  twitch 
breakdown. 


Hot  shown  in  Fig.  2  is  a  second  set  of  switches  at 
the  end  of  the  output  line.  The  switches  are  rod- 
to-plsnc  water  dielectric  gaps  without  a  ground 
plane  shield  and  spaced  at  6.35  mm.  The  aeasured 
prepulse  at  the  diode  was  6.4  kV  or  0.28  percent  of 
the  2.3  MV  charge  voltage  on  the  PFL. 

Proto  II 

Figure  5, shows  cross  sections*  views  of  the 
Proto  II5  pulse  forming  lines.  Sixteen  of  these 
conprlse  the  full  Proto  II  PFL  network.  The 
nachlnc  say  be  operated  In  two  nodes— a  long  pulse 
node  using  line  1  as  the  PFL  and  a  short  pulse 
sode  using  line  2  as  the  ?rL  with  line  1  as  an 
intersediate  storage  capacitor.  In  the  short 
pulse  sode  only  one  switching  channel  per  PFL  is 
used  in  switch  1.  The  prtpulse  on  the  output  line 
consists  of  two  parts  for  tho  shore  pulse  sode. 

The  voltage  vavefors  of  the  first  follows  the  line 
1  charge  voltage  and  lasts  for  250  ns  until  switch  1 
doses.  During  the  second  part,  the  voltage  follows 
the  line  2  charge  voltage  and  lasts  for  60  ns 
until  switch  2  closes. 


Fig.  5.  Cross  section  of  the  Proto  IT  pulse 
forcing  lines. 


Table  l  lists  the  fractional  prepulse  on  line  2  and 
the  output  line  with  end  without  ground  planes, 
normalised  to  the  line  1  charge  voltage.  The  data 
was  obtained  during  low  voltage  (SO  kV)  pulsing  of 
the  PFL,  Case  X  it  with  switch  2  closed  so  the 
line  2  and  output  voltages  are  the  ease;  case  XI 
is  with  switch  2  spaced  such  that  lr  acts  as  only 
a  prepulse  switch;  and  case  XIX  is  with  the  switches 
adjusted  for  a  short  pulse  sode  of  operation. 


TABLE  X 


Comparison  of  Prepulse  Voltages  on  Proto  XX 
normalised  to  the  Line  1  Charge  Voltage 


with  ground  plane 

w/o  ground  plane 

Case  1. 

V  line  2 

3.7 

X 

10"3 

1.6  x  1C"2 

V  output 

3.7 

X 

10'3 

1.6  x  10"* 

Case  IX. 

V  line  2 

1.7 

X 

1C"2 

7.0  x  1C"2 

V  output 

1.4 

X 

;o_a 

3.0  x  IS"3 

Case  XXX. 

V  line  2 

2.8 

X 

!0“5 

3.1  x  1C"3 

V  Output 

7.1 

X 

10"3 

5.7  x  10"* 

High  voltage  testing  in  the  long  pulse  sode  using 
switch  2  as  a  prepulsc  switch  (this  corresponds 
with  case  II)  was  done  at  2  HV  charge  on  line  1.  A 
prepulse  of  5  kV  or  0.25  percent  of  the  line  1 
charge  was  measured.  The  factor  of  IS  higher 
prepulse  measured  is  attributed  to  a  capacitive 
dc/dc  effect  of  the  breakdown  streamer  as  Its 
leading  edge  approaches  the  output  electrode.  The 
enhanced  prepuise  due  to  this  effect,  however,  is 
short  compared  to  the  line  1  charge  time  and  appears 
as  a  foot  on  the  leading  edge  of  the  output  pulse. 

Conclusions 

This  nev  switching  technique  has  proven  to  be  an 
effective  and  Inexpensive  method  of  reducing  pre¬ 
pulse  vultages  on  high  voltage  accelerators.  The 
switches  easily  allow  two  or  more  pulse  forcing 
lines  to  be  connected  in  parallel  for  Increased 
power  density. 
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Abstract 

The  TEXT  Tokaaak  required  the  development  of  * 
special  contact  for  pulaed  high  current*  for  the 
spile  colls  of  the  polold.il  system  at  a  location 
which  1*  highly  inaccessible.  A  solution  was 
found  In  the  fora  of  a  special  plug  contact.  A 
prototype  was  tested  to  the  failure  point  using 
the  discharge  of  a  hoaopolar  machine. 

Design,  test  setup  and  test  results  are  described 
and  the  results  are  evaluated  In  view  of  ocher 
uses  such  co  larger  contacts  and  switches. 

Introduction 

The  Texas  Fusion  Plasma  Research  Tokamsk  (TEXT) 
has  In  its  pololdal  coll  system  six  turns  inside 
the  toroidal  coil  system  which  were  dictated  by 
magnetic  field  considerations  (1). 

Due  to  the  geometry  of  the  T F  coils,  the  sis*  of 
the  toroidal  vessel  and  the  connection  boxes  these 
colls  are  inaccessible  to  the  point  where  they  can 
Only  be  viewed  through  a  mirror  and  where  access 
with  tools  as  would  be  required  for  a  conventional 
bolted  Joint  it  ispossible.  The  current  in  the  coil 
has  a  peak  value  of  10  kA  and  a  duration  of  approxi¬ 
mately  300  aa  followed  by  a  200  me  exponential 
decay.  On*  shot  every  120  s  is  anticipated  and  the 
heat  effect  (^i2dt)  Is  4  107  AZS  per  shot. 

The  Tokaaak  will  be  assembled  in  two  halve* 
separate  iron  the  central  iron  core.  In  this  con¬ 
figuration  there  is  sufficient  access  to  mount  the 
inner  pololdal  colls  which  are  fastened  to  a  glass 
epoxy  coil  body.  In  the  final  assembly  the  two 


0 


Fig,  1.  Cross  section  of  TEXT 

1.  Iron  cor* 

2.  Toroidal  colls  (16) 

3.  Outer  pololdal  coils 

4.  Location  of  torque  frame 

5.  Torus  and  Junction  boxes 

6.  Inner  toroidal  colls 

sections  are  Joined  around  the  central  core.  Elec¬ 
trical  contact  plug*  connecting  the  coil  turns 
appeared  to  be  the  best  solution.  Such  a  plug  must 
be  able  to  a)  carry  the  current  with  an  ample  faetor 
of  safety;  b)  have  some  flexibility  to  secoaaodate 
misalignment  and  inaccuracy  of  position;  c)  be 
capable  of  an  axial  play  of  approximately  ±  178  in 
on  account  of  assembly  tolerances  and  thermal  ex¬ 
pansion  and  d)  fit  into  a  very  limited  space. 

Design 

Several  contact  configurations  based  on  plugs  with 
finger  contacts  s'  eh  as  they  are  cosaonly  used  in 


switchgear  v«r«  considered  buc  had  so  b«  abandoned 
on  account  of  ipic*  liaitaeicn*.  The  plug  contact 
finally  arrived  as  la  shown  In  Tig.  2.  It  la  baa«d 
on  a  contact  atrip  made  iron  beryllium  copper 
louvers  which  are  silver  plated  and  thank*  to  their 
springiness,  capable  of  accommodating  a  aodeac 
amount  dimensional  variance,  (the  material  in 
gueae'en  is  JiULTILAH©  type  LAI/. 23.)  The  contact 
atrip  ha*  10  contact  point*  per  in  of  apparent 
contact  and  ia  raced  at  320  A  contlnuoua  current 
carrying  capability  per  in  and  17.2  Sam  a  200  am 
baaia.  Interpolation*  for  different  cine*  of 
current  leading  havn  to  be  made  with  conaideraclon 
of  the  there*!  inertia  of  the  contact  point*,  the 
current  carrying  louver*  and  the  adjacent  baae 
material  of  rhe  concacc.  Since  the  plug  shown  ha* 
a  total  contact  atrip  length  of  3.1  in,  it  ahould 
be  good  fy c  2  VA  contlnuoua  current  and  ahould  have 
a  3  a  racing  in  the  order  of  11  VA.  The  antici¬ 
pated  duty  for  nur  contact  i*  considerably  below 
there  values. 


fig.  2.  Contact  Plug 

1.  Contact  spring 

2.  Conductor 

3.  Srared  Joint 

l.  Coil  Insulation 


Te*ts 

To  confirm  these  calculated  values,  tests  uere  con¬ 
sulted  at  the  Center  far  Electro-Heehanlcs  r,l  the 
Vmverslty  >f  Texas  at  Austin  using  the  3  MJ  boso- 
polar  generator  which  in  the  chosen  connection  gives 


a  discharge  in  the  fora  of  an  aperiedlcsUy  damped 
pulse.  In  the  particular  experiment*  the  excita¬ 
tion  was  twitched  off  after  .3  *  which  resulted  in 
a  faster  than  normal  decay  of  the  current.  Typical 
otcillograsm  of  the  current  are  shown  in  Tig,  3  and 
1.  A  total  of  seven  casts  were  run.  The  first 
four  teat*  had  a  current  of  11  VA  which  represents 
about  three  cimea  the  heat  input  per  ehot  of  the 
actual  duty  cycle.  Volcage  drop  over  the  contact 
vaa  around  200  mV.  Inspection  of  the  contacts 
after  the  teat  showed  no  trace*  of  wear.  The  same 
hold*  for  teat  ho.  1  at  31  VA.  '-hen  the  current 
was  raised  to  31  VA  the  oscillogram  showed  a 
voltage  drop  around  130  mV  and  soae  sign  of  contact 
Instability.  This  correlates  with  the  theoretical 
value  of  370  aV  for  the  aelting  voltage  of  copper(2). 


TAILS  1 


Test  J*o. 


1  to  1 

S 

6 

7 

Peak  current 

VA 

11.2 

31.4 

S3. 9 

S0.1 

Heating  (at 
location  A- 
Flgure  i) 

*C 

12,5 

29.0 

67.0 

Jr  dc 

0  n 
10V* 

0.11 

O.filS 

1.6 

3.S 

Voltage 

drop  1 

aV 

120 

300 

ISO 

SCO 

.Vote:  1)  Voltage  drop  ■  contact  voltage  •  2.10*  l 
2)  After  test  .Vo.  7  contact  was  not 
serviceable. 


Inspection  of  the  contact  shoved  very  slight  pitting, 
buc  the  material  had  retained  its  full  springiness. 
The  final  cesc  was  run  at  80  VA.  The  trace  of  ch* 
volcage  in  this  cesc  is  reproduced  in  fig.  3.  The 
voltage  shows  heavy  fluttering  indicating  burning 
on  the  concacc  spot  and  the  radian  volcage  drop  is 
800  sV.  TIi*  oscillogram  shows  chat  the  fluttering 
increases  with  tine  in  spice  of  the  decaying  current 


is: 


indicating  clearly  the  distress  in  the  contact. 
Inspection  of  the  contact  after  th*  test  showed 
superficial  aelting  evidenced  by  silver  droplet*  on 
the  surface.  Th#  saaterlal  had  been  completely 
annealed  and  had  lost  it*  springiness.  Except  for 
son*  vary  sinor  pitting,  the  ba*«  material  «*i  not 
affected.  I!  on*  asauews  that  th*  ««eond  before 
iaat  t**t  ;*pr«*«nt*  th<  point  of  beginning  dis- 
t;«s*,  then  th«  d«*ign  ha*  a  safety  margin  of  J  with 
respect  to  current  and  a  thermal  safety  margin  of  25. 

The  tests  not  only  confirmed  the  adequacy  of  the 
design  hot  were  sufficiently  encouraging  to  use 
similar  contact*  for  transfer  and  safety  grounding 
switches  of  auch  larger  rating  (3). 


References! 

(1)  faul  Ulldi,  Corgt  L.  Cardwell,  David  r.  I  rover, 
Design  of  th*  TEXT  Toroidal  and  foloidal  field 
Coils,  Seventh  Syeposium  on  Engineering  froblem* 
of  fusion  Research,  Knoxville,  Tenn.,  October 
1977, 

{2)  Ragnar  Holm,  Electric  Contact*,  Springer, 

New  York,  1967. 

(3)  faul  Ulldi,  Safety  Crounding  Switches  in  Urge 
Experiments,  IEEE  2nd  International  fulsed  fewer 
Conference,  Lubbock,  Tx.,  dune  1979. 


This  work  vet  supported  by  the  U.S.  Department  of 
Energy. 


Fig.  4.  Current  (i)  and  voltage  drop  fu)  over  contact  at  SO  kA. 
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ASSTXACT 

Interruption  of  dc  currant*  u*ts| 
eounterpula*  technique*  1*  investigated  with 
vacuum  interrupter*  and  a  novel  approach  In  which 
the  counterpulse  l*  applied  Wore  contact 
separation*  Important  Increaaea  have  been 
achieved  In  thl*  w*y  in  the  maximum  interruptible 
current  and  large  reduction*  la  contact  erosion. 
The  factors  establishing  the**  new  limits  are 
preier.ted  and  way*  ar*  dl*cu***d  to  aaka  further 
isprovanent*  to  the  saxiaum  interruptible 
current. 


A  dc  current  can  be  interrupted  by  a 
mechanical  twitch  only  if  it*  current  can  be 
forced  to  rero  while  1:  1*  arcing’  Commonly, 
thi*  1*  accomplished  either  by  designing  the 
switch  to  generate  an  arc  voltage  greater  than 
the  louree  voltage  or  by  adding  an  extra 
tounterpula#  circuit  that  inject*  into  the  twitch 
an  oppositely-directed  current  pul*e  large  enough 
to  create  a  transient  current  :ero< 

tor  several  year*,  experiment*  with 
counterpuls*  circuitry  have  been  conducted  at  the 
Los  Alamo*  Scientific  Laboratory  (LASL)  on 
interrupters  to  be  used  in  fusion  application*’ 


•Work  performed  under  the  auspices  of  the  USDOE. 
*V*stinghouse  Industrial  staff  seeber. 


A  conventional  approach  haa  been  used  following 
the  lead  of  early  worker*  such  a*  Greenwood* ^  The 
electrodes  of  the  switch  ar*  separated  at  full 
current  and  a*  arc  occur*  between  then*  The 
counterpoise  la  applied  several  nilliseconds 
later  when  the  electrode  separation  has  reached 
approximately  1  «•  The  two  najor  limitation* 
found  with  this  approach  ar*  both  related  to  the 
long  Interval  of  arcing  at  full  current*  The 
arcing  heata  the  electrodes  and  generates 
incandescent  hot  spots  that  ar*  prolific  electron 
emitters*  The**  hoc  spots  cause  relgnltlon  of 
Cha  arc*  providing  the  upper  limit  to  the  current 
that  can  be  successfully  interrupted’'  In 
addition,  the  prolonged  arc  erode*  eh*  electrode* 
and  deposits  conducting  filas  of  electrode 
aaterlal  on  shields  and  insulating  surfaces* 
Measurement*  sad*  at  LASL  indicate  that  in  Spite 
of  these  problena,  a  vacuus  Interrupter  can 
inesrrupe  large  currents  and  still  have  a  long 
life*  At  25  kA,  for  exstple,  an  Interrupter 
should  achieve  10,000  or  more  interrupting  cycles 
before  these  erosion  phenomena  end  its  life*  ‘ 

'«’*  have  acteapced  to  remove  both  of  these 
limitation*  by  esploylng  a  less  conventional 
counterpulse  technique-  In  this  technique,  the 
counterpulse  is  spplied  before  the  electrodes  ar* 
parted  so  chat  their  initial  separation  and 
subsequent  arcing  take  place  at  current*  such 
lower  than  the  initial  value.  This  early 
counterpoise  (EC)  technique  requires  a  long 
counterpulse,  a  fait  actuator,  and  a  rugged 
interrupter’  ’ucause  of  its  potential  for  lower 
contact  erosion  and  a  larger  interruptible 


c«;»u,  th«  tC  technique  ha*  other 

investigators*  An  4i;-b'.iK  interrupter4  to  b* 
u*td  with  the  cokamak  JET  and  *  special  $r4 
sv'ceh3  used  vt;b  the  Crossed  Tield  Tub*  are 
example*  of  such  devel  cpment*.  Vacuus 

interrupter*  have  advantage*  relative  to  these 
other  type*  primarily  because  of  the  lower 
erosion  expected  for  the  contacts  and  the 
resulting  longer  lift. 


ceiwr «mst  teckxiove 


The  circuit.  discussed  In  detail  elsewhere,* 
used  In  the  t«*t«  la  shown  In  Fig*  U  Inirp 
storage  capacitor  Cj  in  conjunction  with  awitchaa 
S,  and  and  inductor  t*|  establish  a  slowly 
decaying  currant.  X,  In  VI,  tha  interrupter  under 
teat*  The  counterpula*  it  fired  by  doting 
twitch  Sj  which  connect*  capacitor  bask  C-  to  VI* 
Thi*  generate*  the  deaired  reverse-current  pulae* 
X.;,  a  taturabl*  reactor,  help*  to  ahape  the 
reverie-current  pula*  ao  that  the  switch  current 
1*  cloa*  to  zero  for  a  long  rise*  FI  la  uted  aa 
a  final  dunp  reaiator  for  the  energy  initially 
atored  in  Cj  and  C,  and  la  connected  by  S4  after 
the  interruption  phenomenon  i*  completed* 

Figure  1  ahowa  achenaclcally,  the  behavior 
of  the  current  flowing  through  VI*  At  tla*  tQ 
the  counterpula*  it  initiated*  At  tj  the  current 
in  the  twitch  paaaea  through  zero  for  the  aecond 
tin*  and  interruption  nay  occur*  At  t*  the 
capacitor  Cj  and  the  taturabl*  reactor  tj  have 
exhausted  their  charge  end  flux  ao  that  the 
counterpula*  ends*  For  the  EC  technique  to 
succeed,  VI  nuac  open  ite  contact*  between  tQ  and 
t  [•  With  thla  cixing  an  arc  will  start  and  bum 
at  low  current  and  interrupt  a*  tha  current 
paste*  through  zero  at  tj* 

There  ere  two  obvious  problems  with  the  EC 
technique  which  oust  be  overcome  and  which  have 
become  the  sain  focua  of  the**  investigation*. 
The  first  it  the  difficulty  of  opening  the 
interrupter  in  the  short  interval  between  Cq  and 
t]  in  the  face  of  Jitter  iron  varioua  source** 
The  second  is  the  rapid  development  of  the 


recovery  voltage  at  a  tixt  when  the  arc  hat 
baraly  extinguished  and  the  electrodes  have 
barely  separated*  The  potability  of  raignitien 
of  the  arc  at  thla  fix*  la  high  but  can  be 
reduced  by  several  Mature** 

I*  A  hlgh-averagt  velocity  of  separation  of 
tha  elactrodee* 

2.  A  large  saturable  reactor  and  counterpoise 
bank* 

2*  A  snubber  circuit  (an  XC  aerie* 
combination)  placed  across  VI. 

The  actuator  used  In  these  teats  we*  made  by  boss 
Engineering  Co**  It  is  operated  by  two  repulsion 
coil*,  on*  stationary  and  on*  connected  to  the 
moving  electrode  of  the  interrupter*  The  coil* 
are  energized  by  e  300  WF  capacitor  bank  charged 
co  2  to  3  kV.  The  peak  coll  current  t*  several 
tent  of  kiloamperee*  The  actuator  was  deaignad 
to  maximize  the  acceleration  of  the  sovlng 
electrode*  Acceleration*  of  10*  em/eee*  have 
been  achieved*  The  saturable  reactor  it  composed 
of  133  separate  A-«il  tape-wound  cores,  each 
threaded  by  a  4-0  electrical  cable*  Each  of  the 
certs  ha*  a  flux  rating  of  0*00f  «b  for  a  total 
of  about  1  Vb*  because  of  the  gap-1*** 
cape-wound  construction  of  these  cores,  their 
unseturated  inductance  is  very  large* 

The  counterpula*  bank  la  unusually  large* 
V*  used  3(0  kJ  of  capacitance  connected  in 
different  “«y*  to  provide  either  1*8  *  10“  3  F  at 
20  kV  or  0.43  «  10"3  F  at  40  kV. 

Ill.  XtSULTS 

The  first  experiment*  were  performed  with  a 
standard  7-in*  interrupter, 7  with  an  accuaccr 
acceleration  of  0*3  *  10*  cx/t«c*>  and  a 
counterpoise  bank  of  1.6  a  10" 3  F.  This 
arrangement  give*  the  longest  possible 
counterpuls*  and  potentially  the  largest 
interruptible  current*  The  modest  acceleration 
was  chosen  to  avoid  poeelbl*  stress-induced 
problems  with  the  actuator  or  interrupter.  With 
conventional  eouncerpulse  cachnlques,  such  an 
arrangement  would  hive  given  a  aaxisun 


interruptible  current  o  f  21  kA,  relatively 
independent  of  recovery  voltage- 

The  experisenc  proceeded  by  gradually 
raising  Z.  the  currant  to  bo  interrupted,  and  at 
oath  currant  level  by  varying  tj,  the  Interrupter 
opening  els*.  ev«r  tea  full  ran|«,  fro*  tg  to  c^ 
The  experisenc*  war*  continued  with  currant*  up 
to  35  kA  at  23  kV,  the  lisle  of  tha  taac 
facilities,  with  no  failuraa  of  any  kind-  A 
striking  enervation  concerned  tha  visual 
appaaranca  of  the  awitch  during  interruption- 
Uith  convantional  countarpuiaa  tachsxguaa,  tha 
caranic  anvaiopa  light*  up  brightly  du«  to  tha 
ancioi ad  are-  *-‘Uh  ZC  technique*,  no  light  could 
ba  *aan-  This  i*  conaiatant  with  tha  raductioa 
of  tha  arcing  currant  by  a  factor  of  300  and 
arcing  tiaa  by  a  factor  of  10  produced  by  tC. 

To  incraaaa  tha  alactrical  acraaaa*  on  tha 
intarrvptar  tha  value  of  C,  waa  reduced  to 
8-iJ  *  10"^  r.  Thia  change  incraaaad  tha 
recovery  voltage  by  a  factor  of  two  and  d* craaaad 
tha  interval  tj-tQ  for  opening  tha  intarruptar  by 
a  factor  of  two-  Under  thaaa  condition* 
raignition*  war*  occaaionally  obaarvad  whan  Cptj 
waa  aeall,  chat  la,  such  iaaa  than  100  b«-  The 
najor  n*w  affect*  obaarvad  w*r*  a  narked  incraaaa 
in  tha  Jitter  obaarvad  in  tha  opening  tin*  and  a 
esnaiatent  ahift  of  tha  average  opening  tin*  aa 
the  currant  increaaad-  Thaaa  effect*  combined  to 
ask*  it  difficult  to  els*  tha  awitch'*  opening  to 
actur  between  Cq  and  t^-  Thia  efface  aat  a 
naxisus  interruptible  currant  of  about  20  kA. 

To  invaaeigac*  thia  lisle,  w*  aubacitutad 
three  different  4-in-  interrupter*  for  tha 
original  on*  keeping  C«  •  0-43  *  10“  J  f.  Vith 
invention*!  technique*  tha**  awicche*  could 
interrupt  4,  5.  and  i  kA,  reipactively.  Vith  tha 
EC  technique  thair  Halts  war*  increaaad  by  a 
factor  of  2  to  2-3,  aa  daterslned,  again,  by  tha 
ansae  of  narked  Jitter  in  the  opening  cia*  and 
sts  ahift  to  later  tinea- 

’loreful  ncaaurcsanta  identified  two  source* 
tha  Jitter  or.d  shift-  On*  was  the  tendency  of 


tha  electrode*  to  pop  apart  at  high  currants- 
Thia  shew*  up  a*  a  voltage  Juap  bafora  Cq. 

Tha  second  problas  wa*  of  a  relate-'  kind- 
Tha  "opening"  of  tha  switch  occur*  v;,en  the 
soltan  bridge  which  font*  batwaan  the  aleccroda* 
rupture*-  Tha  lifatisa  of  tha  bridge  depend* 
upon  tha  detail*  of  currant  sagnltuda,  contact 
pressure,  ate-,  in  a  coop lax  way, 

Tha  efface  of  chase  phanosana  i*  e®  reduce 
tha  range  of  countarpula*  tatting*  within  which 
an  EC  interruption  can  be  achieved-  Tha  range  is 
raducad  to  aero  for  currant*  slightly  above 
19  kA,  conaiatant  with  tha  flndlnga  that  20  kA  i* 
tha  largaat  currant  w*  can  succaaafully 
interrupt- 

ZV.  Lift  TESTS 

To  taac  tha  erosion  reduction  expected  of 
tha  CC  technique,  a  4-in-  intarruptar  waa 
subjected  to  over  1000  interruption  cycle*  ac 
10  kA-  Tha  incarruptar  waa  disasa asbled  and  the 
contacta  examined  altar  thaaa  wholly  auccaasful 
Interruption*,  Tha  contact*  war*  found  to  be  in 
naar-naw  condition,  tha  surface  sacking*  being 
cauaad  largely  by  contact  rubbing-  U*  aaciaat*  a 
reduction  in  aroalon  brought  about  by  tha  EC 
technique  of  aor*  chan  on*  hundred, 

V.  COXClOSIOSt 

Tha  anticipated  features  of  the  EC  technique 
were  reduced  aleccrod*  erosion  and  increased 
current  rating*-  Substantially  increased  racing* 
hav*  bean  realised  in  the**  experiaents,  and  the 
reduction  in  eroalon  is  very  large-  The 
cooponencs  and  technique*  used  to  achieve  these 
iaprovesenc*  are  available,  convenient  to  uaa, 
and  relatively  reliable. 

The  new  current  lisle  does  not  appear  to  be 
a  basic  proparty  of  tha  switches  but  1*  Instead 
associated  with  tha  actuator,  In  particular  with 
eha  force  with  which  tha  electrodes  are  held 
closed-  ftieur*  work  will  ateespc  to  raise  the 
current  lisle  further  by  esploylng  higher  closing 
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Abstract 

A  shore  analysis  o 1  ch«  problems  encountered  la  che 
acceleration  of  long  (lO"'*  sac  ami  longer)  pulsed, 
relativistic  electron  beame  (All)  la  glvaa.  A  des¬ 
cription  ol  the  psramneer*  oi  ch«  experimental  fa¬ 
cilities  developed  to  study  thasa  long-pulsed  beams 
Is  peasants'],  as  vail. 

Over  the  last  IS  years,  tha  power  In  nanosecond 
duration  electron  accslarators  has  increased  by  mors 
than  3  ordara  oi  aagnltuda  and  tha  anargy  contanc 
ol  thasa  beam*  has  raachad  savaral  HJ.  It  Is  known 
that  In  accslarators  ol  this  eypa  tha  alactrle  liald 
gradient  In  tha  acealaration  raglan  approaches  0,4 
MV/ca.  Tha  length  ol  tha  applied  pulse  la  Halted 
by  tha  breakdown  development  tine.  The  rapid  davaV- 
opaene  ol  nanosecond  accelerators  has  benefited  Iron 
tha  unique  characteristics  oi  cold  cathodas,  l.a. 
tha  high  ealeslon  density  achievable  In  short  pulses 
fup  to  10'  A/ca*>  and  thalr  capability  to  retain 
good  emission  eharactarisdesalter  arcing  or  vacuua 
rupture. 

Electron  beans  ol  short  duration  sacisly  quite  a 
timber  ol  EES  applications,  particularly  with  re¬ 
spect  to  heating  ol  a  substance  to  theraonuclear 
temperatures  In  experimental  installations  lor 
inerdally  confined  fusion.  However,  to  solve  other 
casks  It  Is  necessary  to  Increase  the  beam  lifetime 
and  sake  the  operation  note  stable.  Examples  ol 
other  application*  are  SH T  generators,  l.a.  oscilla¬ 
ting  relativistic  beans;  and  collective  acceleration 
ol  ions  D ].  The  lurcher  development  ol  several 
kllcasper*  AEB's  with  duration  ol  tO'4  -  10“  2  see, 
and  continuous  beasa  in  tha  lucure,  will  sake  it 
possible  to  start  experimental  research  concerning 
tha  prsblen  ol  energy  transfer  over  large  distance* 
by  means  ol  electron  beans,  [2J. 

One  ol  the  sain  directions  of  research  on  AE3  con¬ 
ducted  at  our  institute  Is  related  to  finding  ways 
to  create  long-pulsed  electron  beams  with  currents 
ol  the  order  ol  1  kA  at  an  energy  ol  1  MeV.  The 
progran  is  lined  at  studying  new  energy  transfer 
techniques. 


Tecullsrldes  ol  the  Cer.eradon  of  Lone-Pulsed  In¬ 
tensive  3E3*s 

It  is  cosaon  knowledge  that  ehe  current  density  in 
accelerating  gaps  is  Halted  by  che  perveiace  of 


the  system  and  the  esdttlng  capability  ol  the  cath¬ 
ode.  The  accelerating  Held*  In  exlatlng  long- 
pulsed  and  condnuoua  accelerators  Is  about  0.02  - 
0.0S  MV/ cm,  considerably  less  than  1 or  nanosecond  9 

duration  acceleration.  In  this  case  che  current 
density  oi  the  beams  to  be  accelerated  la  no  greater 
then  several  amps  per  cm2.  Some  Increase  oi  par- 
veance  oi  the  accelerating  system  can  be  achieved 
by  che  installation,  between  che  cathode  and  anode,  £ 

oi  .many  intermediate  electrode*  at  appropriate  po¬ 
tentials  as  well  aa  by  space  charge  neutralization. 

One  approach  to  the  problem  ol  intensive  long-pulsed 
All  generation  is  to  increase  che  gradient  ol  che 
accelerating  electric  field,  another  the  compression 
(focusing)  of  the  beau  to  much  higher  densities  chan 
che  Initial  low  valuea.  In  order  to  make  che  re¬ 
quired  improvement!  it  is  necessary  to  conblna  both 
aechods. 


The  capability  of  preaent,  existing  cathodes  -  a.g. 
lanthanum  boride,  iridium  cerium,  overheated  tung¬ 
sten,  etc.  -  aakes  it  possible  to  achieve  current 
densities  oi  tha  order  of  101  A/cm2  in  pulses  of 
tO'4  ssc  and  longer.  The  primary  cask  is  to  In¬ 
crease  che  perveancc  ol  che  accelerating  gaps  to 
such  values  as  to  provide  higher  currents. 


The  cs^iaracively  slow  progress  In  Improving  che 
voltage  hold-oil  characceriscies  oi  non-segmented 
high  voltage  vacuum  gaps  makes  it  impossible  co 
guarantee  che  emission  oi  current  ac  high  energy  in 
systems  similar  co  electron  guns  employing  compres¬ 
sion.  Ic  is  more  appropriate  to  develop  acceler¬ 
ating  devices  constructed  with  many  electrodes  ar.d 
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many  separated  parallel  beams  In  the  »m  diode. 

In  particular,  a  considerable  improvement  ,n  elec- 
rical  strength  of  the  accelerating  tube  can  be  ex¬ 
pected  with  the  electrode  spaelng  reduced  to  10  - 
100  us.  It  Is  known  chat  slcron  vacuus  gaps  and 
layers  of  solid  insulation  can  resist  static  elec¬ 
tric  fields  of  sore  than  l  MV/es.  The  problea  Is 
to  obtain  satisfactory  electric  field  Intensities 
In  asny-layer  structures  containing  aany  channels 
for  electron  acceleration.  To  achieve  this  goal  It 
it  necessary  to  provide  for  stable  and  unifors  dis¬ 
tribution  of  voltages  over  lnteraedlate  electrodes 
and,  furthermore,  to  reduce  to  the  utaost  the  num¬ 
ber  of  electrons  lost  to  the  electrodes  of  the  tube 
by,  for  Instance,  the  application  of  «  longitudinal 
sagnetlc  field.  The  fabrication  of  such  systeas 
are  of  great  lsporcance  as  veil. 

Enertv  Recvcllnt  -  One  of  the  Key  Problems  in  Devel¬ 
opment  of  Experimental  Installations  With  Lonc- 
fulsed  RIB'S 

The  development  of  high  voltage  generators  to  feed 
long-pulsed  several  kA,  MeV  beams  presents  no  major 
obstacle,  for  this  purpose  ve  can  use  inductive 
storage,  Kacx  generators,  or  transformers.  The  en¬ 
ergy  content  of  beaas  chat  can  be  employed  in  the 
earlier  stages  of  research  will  probably  not  exceed 
106  -  107J. 

As  far  as  the  high  voltage  Generators  used  in  ex¬ 
perimental  installations,  vhich  are  designed  for 
flexible  operation  of  the  accelerating  and  focusing 
systems  and  for  beam  transfer,  are  concerned,  their 
cost  could  be  considerably  reduced  if  one  could  re¬ 
cover  the  electron  beam  energy.  In  an  installation 
of  this  kind  the  collector  of  the  decelerating  de¬ 
vice  is  connected  electrically  to  the  cathode,  re¬ 
sulting  in  a  closed  circuit  vrith  the  stream  of  fssc 
electrons  beine  an  integral  segment  of  the  total 
current  flow  [2].  Since  a  complete  deceleration  of 
the  electron  beam  is  essentially  impossible,  there 
is  a  small  potenrial  difference  between  the  cathode 
and  the  collector  (AU  is  usually  on  the  order  of 
several  percent  of  the  anode  voltage  U,  vhich  is 
maintained  by  the  power  source). 


T,f  AU  <*  relatively  small  compared  to  the  accele¬ 
rating  potential,  then  power  and  current  losses, 

AX,  in  the  beam  of  accelerated  electrons  will  also 
be  small.  The  beam  power  II'  can  exceed  many  times 
the  total  of  the  component  sources: 

XU»UAI  +  iau 

and  the  effective  energy  content  of  the  beam  can  ex¬ 
ceed  the  energy  accumulated  in  both  power  sources. 

Experimental  facilities  For  Research.  Generation. 
Transfer  and  Deceleration  of  Lont-fulsad  Kelativ- 

lstic  Seams 

To  study  che  processes  of  generation  and  recovery 
of  long-pulsed  electron  boas*  a  test  facility  was 
developed  at  cur  institute  which  could  generate 
electron  beaxs  with  the  following  parameters:  elec¬ 
tron  energy  0.3  MaV,  beam  current  100  A,  pulse  length 
100  usee.  A  Marx  generator  with  che  correct  pulse 
shape  £3]  to  obtain  a  constant  accelerating  voltage 
during  the  main  part  of  che  pulse  was  constructed. 
The  accelerating  device  lc  of  two  types;  a  simple 
diode  and  a  segmented  one.  The  accelerator  design 
makes  It  possible  to  conduct  studies  of  other  options 
of  beam  forming  systems,  e.g.  compact  multichannel 
acceleration  tubes  with  small  segmented  sections 
end  the  combination  of  beams  in  1  drift  region. 

In  this  system,  the  electron  beam  energy  recovery 
device  is  mounted  inside  the  same  vacuum  chamber  ar 
che  accelerator.  Tht  research  program  using  this 
cast  facility  includes  che  studies  of  the  optimum 
conditions  for  reverse  transformation  of  che  kinetic 
energy  of  che  electron  beam  into  electromagnetic 
field  energy.  The  recovered  energy  is  then  fed  to 
the  accelerating  system  input.  In  this  manner  the 
beam  power  and  pulse  langch  can  be  Increased  consid¬ 
erably.  The  range  of  experimental  research  work 
conducted  on  the  test  facility  can  of  coursa  be  ex¬ 
panded. 

The  case  facility  is  s  oodsl  of  s  more  powerful  In¬ 
stallation  which  is  under  development  at  che  present 
time.  The  design  parameters  of  this  new  instalhcion 
are;  energy  1  MeV,  current  10^  -  10*  A,  pulse  length 
10  usee,  the  pulse  length  in  che  recycling  mode 
'>100  usee.  The  installation  includes  a  10  mecer 


long  vacuus  Un«  which  1*  designed  for  studies  of 
sechods  Of  bean  transfer  with  high  efficiency. 

Repetitively  Pulsed  Hieh  Voltata  Ganaratora  (Pulse 
Duration  vtO~*  sac) 

la  order  to  c«*c  various  coaponencs  of  these  long- 
pulse  accelerators  and  ce  expand  chair  rang*  of 
applications  v«  have  daaignad  porcabla  high  voleaga 
sources  baaed  on  shock  excitation  transformer*.  In 
Ch«  pcevloualy  developed  cypaa  of  ahock  excitation 
transformers  [4]  cha  high  voltage  pulaa  duration 
uaa  10”'  -  10“  *  aac  and  hydrogan  thyracrona  or  apark 
gapa  vara  uaad  aa  cosautators. 

Switching  over  to  pulsea  with  duration  of  abouc  10“4 

aac  sad*  it  poaaibla  to  uaa  atandard  production 

thyriacora  and  attach  cha  prlsary  winding  of  the 

transformer  directly  to  the  aalna. 

Paced  data  of  the  ahock  transformer  under 
teat  now  are: 

Voleaga:  600  kV 

High  voleaga  half  pulaa  duration  (at  cha 
baaa):  3- 10“4  aac 

Energy  output  par  pulaa:  30  J 

Repetition  Frequency:  300  Hx 

Efficiency  froa  the  aalna  to  cha  conauaar: 

60S 

Operation:  Conclnuoua 
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Abstract 

The  GAMBLE  XX  wacar  dielectric  pulaa  power  gener¬ 
ator,  In  1970,  was  che  forarunncr  o f  cha  hl|h 
energy  (»50  kJ)  class  of  wacar  dialaccrlc  gener- 
acors.  Ic  has  been  redesigned  internally  to  sake 
aaxisua  use  o f  ics  original  oucar  conductor  shall 
and  to  opclaixe  it  for  the  positive  polarity  node 
of  operation  for  positive  ion  beam  experimentation. 
The  new  design  also  Initiates  the  use  of  an  oil 
dielectric  multi-channel  switch  at  cha  output  of 
the  pulse  forcing  line.  This  switch,  because  of 
its  low  capacitance,  eliminates  the  need  for  an 
extra  prepulse  switch.  The  upgraded  version  has 
been  tesced  up  to  power  and  energy  levels  which 
are  nearly  twice  the  original. 

The  GAMBLE  XX  pulse  power  generator,  designed  and 
built  at  the  U.  S.  Naval  Research  Laboratory  in 
1970  has  been  aodlfled  so  chat  it  is  now  deliver¬ 
ing  abouc  1$  class  its  foraer  power  and  energy. 

It  is  hoped  chat  as  the  physics  experiments  now 
using  the  generator  need  sore  power;  the  ouepue 
ean  be  gradually  Increased  until  ic  is  up  by  a 
factor  of  abouc  3*. 

The  original  generator  is  shown  in  Figure  1.  It 
consisted  of  a  215  fcj,  U  nF,  Marx  generator  in  a 
cank  of  cransforaer  oil  chat  charged  a  7  il,  7  nF 
water  dielectric,  coaxial,  intermediate  store; 
uhich  in  turn  charged  a  6  »1,  6  nF  water  dielec¬ 
tric  coaxial  pulse  forming  line.  A  single  channel, 
but  multi-branching,  water  ouepue  switch  self  closed 
near  che  peak  voltage  and  sent  a  fast  rising  power 
pulse  into  a  6  .1,  to  1.5  >1  coaxial  cransforaer  and 


delivered  65  kJ  into  a  matched  load  with  63  ns 
FWHM.  Teak  power  was  abouc  1  TV. 


Fig.  1.  GAMBLE  XX  Pulse  Power 

Generator  in  its  original  fora 


Figure  2  shows  che  relatively  few  aodiflcaclons 
which  were  required  to  modify  GAMBLE  XX  into  che 
upgraded  IXA  version.  The  new  coaponencs  of  che 
generator  are  shown  shaded. 


Fig.  2.  GAMBLE  XU  Pulse  Power 
Generator  Schematic 


V«  found  :h*t  by  incr«aslng  only  ch*  height  of  ch* 
Oil  tank  by  6  ft.,  w*  could  enclose  Marx  g«n*racor 
component*  for  520  '*J  atorad  In  13  nF.  Th«  expan¬ 
sive  stainless  at*#!  ouc«r  conductor  of  ch*  v«c«r 
dielectric  part  of  CAM1LL  II  was  lafc  unchanged 
with  tha  exception  chat  w*  us*  only  ch«  laac  half 
of  tha  orlflnal  coaxial  craaafonar  slnca  cha 
pula*  forming  llaa  Ispadanca  haa  baan  raducad  f  roe 
6  u  to  3  tl.  Tha  spheres  and  haaispharas  fro* 

Cha  original  intarmadiata  acora  lunar  conductor 
with  cha  o-ring  jroovaa,  ate.,  raquirad  for 
sealing  cha  conoacclons  through  cha  polyurathaoa 
diaphragaa  war*  uaad  unchaagad.  Tha  only  nav 
part  In  tha  Intermediate  acora  la  tha  ralaclvaly 
inexpensive  cylindrical  aluminu*  aaccloo  baevaan 
tha  and  hemisphere*. 

tha  ispadanca  of  tha  lncanadlata  acora  la  6.7  fl, 
uhleh  la  tha  optimum  ispadanca  for  acoring  naxlanjai 
energy  In  alchar  cha  nagaclva  or  poaltiva  polarity 

4 

soda.  lea  capadeanca  la  16  nF  including  ch* 
capacltanca  of  lea  uacar  output  awicch. 

the  pula*  foraing  lln*  Ispadanca  la  3.2  fl,  which 
la  tha  aptisua  Ispadanca  for  dalivarlng  asiriw 
powar  to  tha  cranaforaar  In  ch*  poaltiva  polarity 
soda.  It  la  also  a  good  cholc*  for  eh*  nagaclva 
polarity  aode.  lea  capacltanca  la  10.4  nF. 

The  GAMBLE  ILA  puls*  generator  ha*  a  pula*  foraing 
lino  output  switch  chat  la  unique  In  large  water 
dielectric  systems.  It  uses  cranaforaar  oil 
instead  of  water  as  the  sodium  In  which  eh*  switch 
screamers  propagate.  Since  oil  ha*  a  dielectric 
constant  about  1/36  chat  of  water,  the  prepuls* 
fed  through  the  output  switch  capacltanca  during 
the  charge  of  the  pulse  foraing  line  is  reduced 
accordingly.  The  polyurethane  diaphragaa  that 
contain  tha  switch  oil  provide  support  for  ch* 
output  end  of  the  puls*  foraing  lln*  and  ch*  Input 
end  of  the  cransforacr.  After  each  shot  ch*  oil 
Is  circulated  through  a  filter  for  about  IS  minutes 
to  clear  out  the  carbonized  oil.  The  oil  output 
sulcch  used  until  now  has  been  a  self  closing 
rulci-channei  type  with  6  or  12  enhanced  field,  1 
Inch  diameter  electrodes  on  the  positive  side.  It 


result*  In  a  102  to  902  current  rise  da*  In  a 
matched  load  of  33  to  45  na  with  a  prapula*  of 
lass  than  12. 

The  present  performance  of  eh*  generator  la  sum* 
marised  In  Figures  3  and  4. 
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Fig.  3.  Computed  and  maaaurad  powar 
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The  tl|hc  hand  column  of  Figure  3  shows  chat  the 
measured  peak  power  into  a  near  matched  non- 
inductive  load  of  2  ohms  vas  1.78  TV,  che  r«TW  of 
che  power  pulsa  was  71  na,  and  tha  102  co  901  rlaa 
clsa  uaa  45  na.  Tha  ocher  tvo  columns  of  Figure  3 
show  cha  cospuced  reaulca  obealnad  by  analysing  cha 
syscea  with  cha  h?~  codes  for  pocancial  ploccin;, 
incremental  capacitance  calculating,  and  cram  lane 
analysis  of  transmission  Una  tyacasa.  Tha  lafe 
column  shows  che  values  computed  with  no  time 
dependent  or  fixed  aeries  raslscanea  In  etcher  the 
wacar  or  oil  switches.  The  canter  column  shows 
tha  values  coapuced  whan  a  fixed  2  fl  series  re¬ 
sistor  was  included  In  cha  intermediate  score 
output  switch.  It  was  found  chat  this  resistance 
has  to  be  added  co  sake  cha  coapuced  and  aaasured 
values  agree  as  Indicated  la  Figures  3  and  4.  The 
right  hand  coluan  of  Figure  4  shows  tha  aaaaured 
values  of  energy  at  various  stages  of  the  water 
dielectric  syscea.  As  In  Figure  3  the  left  and 
center  colusms  are  che  coapuced  values  with  aero 
and  2  J  for  the  inceraedlace  score  switch  resis¬ 
tance.  The  loss  of  68  kJ  between  the  Marx  gene¬ 
rator  and  che  Intermediate  score  Is  aalnly  In  che 
10  w  distributed  series  resistance  of  the  Marx 
generator  circuitry.  The  loss  of  57  kJ  between 
the  Intermediate  score  and  che  pulse  forming  line 
Is  about  half  dissipated  in  che  series  resistance 
of  the  water  switch  and  half  reflected  back  Into 
che  inceraedlace  score  fron  che  water  switch.  The 
loss  of  19  kJ  between  che  pulse  forming  line  and 
che  load  Is  nalnly  energy  reflected  by  che  induc¬ 
tance  of  che  oil  output  switch. 

Figure  5  shows  the  aeasured  shape  of  the  current 
pulse  into  che  2  w  load.  The  peak  current  was 
.94  MA  uich  a  FWHM  of  93  ns.  The  102  co  902  rise 
else  was  45  ns.  On  this  shot  the  output  switch 
closed  about  50  ns  before  peak  charge.  This  results 
in  a  greater  total  shot  energy  but  a  somewhat 
longer  rise  time  than  a  closure  at  peak  charge. 

The  power  and  energy  delivered  to  the  load  are 
shown  plotted  below  the  current.  The  maximum  power 
was  1.78  TV  with  a  FWHM  of  71  ns  and  che  energy 


load 

was  123  kJ.  The  efficiency  fron  che  Marx  co  the 
load  on  this  shot  was  462  which  In  532  higher  chan 
the  302  efficiency  of  the  original  CAMBLE  II 
generator.  The  efficiency  within  cht  upgraded 
water  system  between  che  intermediate  score  and 
che  matched  load  is  622.  These  efficiencies  are 
vary  high  for  such  generators. 

The  cosqplett  system  can  be  operated  at  che  Marx 
generator  level  of  267  kJ  for  about  30  to  40  shots 
before  some  maintenance  is  required.  At  this 
level  of  operation  the  pulse  forming  line  is 
charged  co  4.4  MV  in  143  ns  and  che  polyurethane 
diaphragm  on  its  output  end  is  stressed  co 
271  kV/cm.  If  we  are  able  to  operate  with  the 
Marx  generator  capacitors  charged  co  62.5  kV, 
che  total  charge  will  be  520  kJ  and  che  above 
diaphragm  stress  would  be  378  kV/cm.  This  stress 
level  on  che  oil  switch  diaphragm  will  probably 
be  che  weak  link  (in  regard  co  breakdown)  in  the 
whole  system.  The  output  into  a  matched  load  at 
this  level  would  be  3.5  TV  and  239  kJ.  These  last 
levels  will  probably  not  be  attainable  in  che 
positive  polarity  mode  (which  is  che  «:ly  mode 
of  operation  to  this  dace).  The  maximum  output 
in  this  aode  will  probably  be  limited  to  about  2.6 
TV  and  ICO  kJ  due  co  calculated  water  breakdown  in 
the  intermediate  score  and  che  pulse  forming  line. 


Cut  daaiRn  £o< L  in  tha  upjrada  «i  to  jat  aa  such 
?c«yr  and  anar*y  out  of  tha  vatar  dialactrie 
ayace*  a*  poaaibla  without  incr«aain|  ita  outar 
diaanaiona  and  vu  baliava  va  wiU  aehiava  thia. 

At  laaat,  va  ata  cartain  that  tha  CAJOLE  XI 
$anaracoc  haa  ahad  its  conaarvativa  Xabal. 

Tha  orijinal  CAJOLE  II  janaracor  waa  fundad  L>r  «ha 
Cafanaa  Suclaac  A|ancy.  Tha  upirada  va*  fundad  by 
tha  Offica  of  »aval  Xaaaarch  and  tha  capacitors 
for  tha  Maw  janarator  wara  furniahad  by  tha 
Sandla  Lafaoratorlaa. 
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ABSTRACT 

On  the  basis  of  time-integrated  emlttanee 
measurements,  several  different  types  of  field 
emitter  diodes  were  Investigated  at  1-3  kA, 

1  MeV.  The  experimental  parameters  were  the 
cathode  type,  the  anode  mesh  texture,  the  diode 
spacing  and  voltage,  and  the  level  of  col 11- 
natlon  of  the  emerging  beam.  Over  a  wide 
range,  the  emlttanee  was  found  to  be  propor¬ 
tional  to  the  level  of  colllmation.  With  the 
diode  spacing  left  fixed,  the  emlttanee  was 
found  to  be  essentially  Independent  of  the 
diode  voltage  and  current. 

The  lowest  emlttances  (30-40  »r-cm  at 
400  A)  were  obtained  with  a  foil-type  cathode 
in  a  ball-over-plane  configuration. 

INTRODUCTION 

The  flesh  x-ray  (FXR)  linear  Induction 
accelerator  at  Lawrence  Livermore  Laboratory, 
currently  being  designed,  requires  an  Injected 
electron  beam  of  2-4  kA  at  1.5-2  MeV.  In  order 
to  maximize  the  forward  radiation  dose  produced 
by  a  beam  of  given  diameter,  it  is  essential  to 
minimize  the  emlttanee.  Field  emitter  diodes 
are  well  suited  for  flash  x-ray  applications, 
but  measurements  to  date  of  their  beam  quality 
have  largely  been  confined  to  determining  the 
angular  divergence  of  high  current  beams  in  the 
region  very  close  to  the  anode  *  .  Measure¬ 
ments  on  a  beam  that  was  collimated  and  trans¬ 
ported  over  some  distance  have  been  reported  by 
the  ERA  group3  at  Lawrence  Berkeley  Labo¬ 
ratory  (LBL)  who  utilized  a  field  emitter  diode 
as  the  injector  to  a  4  MeV  induction  LINAC. 


The  proposed  FXR  electron  source  is  modeled 
largely  after  the  LBL  injector.  Thus,  in  eraer 
to  confirm  and  expand  on  the  earlier  LBL  re¬ 
sults,  the  LBL  field  emitter  diode  gun  was 
brought  to  LLL  and  reactivated  for  further 
emlttanee  measurements. 

APPARATUS  AND  EXPERIMENTAL  PROCEDURE 

As  shown  in  Figure  1,  the  diode  proper  con¬ 
sists  of  a  ball-over-plane  or  similar  configu¬ 
ration  with  the  planar  anode  formed  by  tungsten 
mesh.  The  electron  beam  traverses  the  anode 
mesh  and  is  focused  by  a  thin  lens  solenoid 
that  in  conjunction  with  two  collimator  aper¬ 
tures  downstream  from  the  anode,  acts  as  a 
variable  beam  scraper.  Downstream  from  the 
second  collimator  is  mounted  a  pinhole  mask 
with  a  square  array  of  1  inn  dia  pinholes  on 
5  mm  centers,  and  this  In  turn  Is  followed  by  a 
scintillator  screen  carrying  a  layer  of  P-11 
phosphor. 

The  diode  voltage  is  generated  by  five  in¬ 
duction  modules  that  are  effectively  connected 
in  series  by  the  movable  cathode  stem  linking 
them.  This  allows  convenient  adjustment  of  the 
anode-cathode  spacing.  Each  module  is  a 
ferrite-cored  1:1  pulse  transformer,  with  the 
single  turn  primary  driven  from  a  nominal 
250  kV,  56  ohm,  40  ns  Blumleln,  and  the 
secondary  being  formed  by  the  cathode  stem. 
Figure  2  shows  some  typical  pulse  shapes.  Note 
that  the  width  of  the  beam  current  pulse  is 
narrower  after  colllmation. 

To  calculate  the  emittance,  the  scintil¬ 
lator  image  (Figure  3)  typically  was  first 
scanned  with  a  densitometer.  The  center  of 
each  image  spot  then  was  used  to  measure  the 


injular  divergence  of  each  beamlet  from  the 
Straight-through  position,  A  second  angle, 
calculated  from  the  FWSi  of  the  isage  spot, 
-presents  the  growth  In  diameter  of  the  beam¬ 
ier  aver  the  115  n»  drift  distance.  The  corre- 
spftil.'^  piia;e  plane  representation  of  any  one 
bea.'-V  va;  then  drawn,  and  finally,  the  emlt- 
tjn?,s  «s  r.'.lMiv.id  as  1/r  times  the  area  of 
th*  flgcif*  ;  rctaas^iblng  the  entire  phase 
pla.*."  plot. 

>*’  dlor.»i'  '  v  st'gated  here  employed  a 
nuebrr  r:  cWer**:  tatf-cdes ,  with  the  best  one 
(Cl)  ca««SJSt»n$  u?  a  SO  «m  dla.,  finitely 
spherical,  polish**  stainless  steel  ojl  with  a 
small,  flush  mounted  button  Insert  ..vrylnj  a 
7  an  dla.  tantalu*  foil  spiral.  This  was  an 
earlier  LSI  design.  Cathode  CZ  used  a  flat, 
graphite  emitter  button.  Two  other  cathode 
geometries  employed  a  graphite  rod  wd  a 
soherical-cap  graphite  button,  resptni.vly. 
Cathode  C3  was  a  ICO  mm  dla.,  polished,  stain¬ 
less  steel  pancake  carrying  the  7  mm  dla. 
emitter  button  of  Cl. 

The  experimental  anodes  consisted  of  tung¬ 
sten  mesh  stretched  across  a  76  mm  dla.  circu¬ 
lar  aperture  facing  the  cathode.  They  included: 

Al.  Woven  mesh,  0.025  mm  dla.,  In  a 

0.5  x  1.8  mm  array. 

AZ.  Etched  mesh,  16  lines/cm, 

0.036  m  thick  x  0.061  mm  wide. 

A3.  Etched  mesh,  Z4  lines/cm, 

0.025  rn  thick  X  0.05  mm  wide. 

EXPERIMENTAL  RESULTS 

The  lowest  emittances  were  obtained  with 
the  Cl  cathode,  l.e.,  a  simple  ball-over-plane 
configuration,  using  a  foil  emitter.  The  other 
cathoce?  all  tended  to  produce  scintillator 
■mages  that  were  poorly  defined,  and  clearly 
-epresented  beams  with  greater  emittance.  The 
measurements  discussed  in  the  following  there¬ 
fore  concern  only  cathode  Cl. 

The  degree  of  collimaticn  was  controlled 
throughout  by  varying  the  solenoid  lens  field 
strength.  For  diode  Cl-Al,  Figure  4  shows  the 
variation  of  the  emittance  vs  the  collimated 
beam  current  with  the  A-K  spacing  as  the  para¬ 


meter.  The  nearly  linear  relationship 
the  collimated  beam  fraction  and  the  emirate 
leads  one  to  conclude  that  for  a  beam  that  ii 
already  severely  collimated,  the  remaining  tu* 
current  is  Quite  uniformly  distributed  'n  y  '•!< 
space.  A  further  reduction  In  beam  cur*i.s 
thus  corresponds  linearly  to  a  similar  re¬ 
duction  In  phase  space  area,  or  emittance. 

'The  function  of  the  planar  anode  aesh  .s 
support  a  strong  electrostatic  field  at  the 
spherical  cathode  while  at  the  same  time 
allowing  the  beam  electrons  to  pass  through 
with  minimum  interception  or  perturbation  to 
their  trajectories.  The  perturbing  effect  of 
the  anode  mesh  can  be  modeled  by  considering 
each  open  square  as  a  miniature  electrostatic 
lens,  with  the  focal  length  given  by* 
f  «  4ii/(E2  -  Ej),  where  U  «  anode 
potential,  referred  to  the  cathode,  and  E^ 
and  E2  represent  the  electric  field  on  the 
cathode  side  and  on  the  downstream  side, 
respectively.  For  the  typical  case,  E2  ■  0, 
the  lens  is  diverging,  and  the  divergence  half 
angle  will  be  proportional  to  the  mesh 
spacing.  Thus,  one  clearly  does  well  to  use 
the  minimum  aesh  spacing  that  Is  consistent 
with  good  beam  transmission. 

In  Figure  5  we  have  plotted  the  measured 
emittance  variation  with  current  for  diode 
Cl-AZ  which  used  the  16  i/cm,  etched  tungsten 
aesh.  It  Is  seen  that  the  tighter,  etched 
anode  aesh  does  produce  somewhat  lower  emit¬ 
tance  beams  than  the  woven  aesh  of  Figure  4. 
Also,  there  appears  to  be  a  definite  minimum  of 
emittance  reached  near  30  ar-ca.  Further 
measurements^  indicated  that  there  was 
nothing  to  be  gained  In  going  from  16  to  24 
lines/cm  (etched)  while  there  was  visible 
improvement  In  going  from  10  lines/ca  (woven) 
to  16  lines/cm  (etched). 

In  an  attempt  to  gain  some  insight  on  the 
effect  of  beam  voltage  variations,  the  diode 
potential  was  changed  <n  three  steps,  from 
680  kV  to  970  kV.  The  results  are  shown  In 
Figure  6,  and  clearly,  no  systematic  variation 
of  the  emittance  with  the  diode  potential  Is 


evident.  This  is  ss  expected,  because  field 
emitter  diodes  a:  high  current  levels  essen¬ 
tially  folic*  space-charge  Halted  behavior. 
Undtr  these  conditions,  the  relative  potential 
distribution  within  the  diode,  end  hence,  the 
electron  trajectories  and  the  eaittance,  should 
indeed  remain  uncnanged.  The  focal  length  of 
the  solenoid  lens  wts  essentially  kept  inde¬ 
pendent  of  the  beam  voltage  by  adjusting  the 
field  strength  to  produce  identical  colllaation 
ratios. 

SUMMARY  AKO  CONCLUSIONS 
Eaittance  measurements  have  been  carried 
out  on  field-eaitter  diodes  to  Investigate  the 
separate  effects  of  changing  the  cathode 
geometry,  the  anode  texture,  the  A-K  spacing, 
tne  amount  of  beta  colllaation,  and  the  diode 
potential,  respectively.  The  lowest  ealt- 
tances,  i.e.,  the  best  quality  beans,  were 
obtained  with  a  small-area  foil  cathode  nounted 
opposite  a  fine-mesh  anode  in  a  ball-over-plane 
configuration.  With  beams  that  were  initially 
collimated  to  less  than  one-half  the  original 
current,  further  collimation  resulted  in  a  pro¬ 
portional  reduction  In  eaittance,  but  there 
appeared  to  be  a  minimus  level  below  which  the 
eaittance  could  not  be  reduced. 

Variation  of  the  diode  potential  over  a  402 
range  and  of  the  diode  current  over  an  802 
range  produced  no  significant  change  in  the 
eaittance.  Extrapolating  from  this  result, 
emittances  on  the  order  of  40-60  nr«cm  appear 
to  be  realizable  even  for  a  2-4  kA,  1.5  Hev 
beam. 
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Fig.  1  Field  Eaitter  Diode  and  Eaittance  Tester. 
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ON  THE  DEVELOPMENT  OF  A  REPETITIVELY  PULSED  ELECTRON  BEAM  SYSTEM 
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Abstract 

A  puli  ad  electron  beam  tyittm  --  PEBS-IIX  --  has 
beendevcloped  At  Ion  Physics  Company  to  generate 
An  electron  beAm  of  200  k*V,  4  A/cm2*  2.5  cm  X 
25  cm,  I.  3  usee,  At  high  repetition  rate*.  That 
system  incorporates  a  gas-insulated  PFN  Marx 
generator  in  Guillemin  C  network  configuration  to 
drive  a  cold-cathode  electron  gun.  System  perfor¬ 
mance  corresponded  to  computer  simulation  of  VI 
waveforms  versus  generator-parameter  and 
impedance-collapse  variations.  The  effort  demon¬ 
strated  the  usability  of  a  PFN  ior  energiaation  of 
long-pulse  repetitively  pulsed  electron  guns. 

introduction 

With  ever  increasing  power  levels  in  electron  beam 
technology,  there  is  need  for  increased  efficiency 
in  energy  transfer  through  the  various  associated 
oulse  power  subsystems.  Design  considerations 
for  a  repetitively  pulsed  electron  gun  are  such 
that  nominally  rectangular  electron  beam 
■•oltage-currer.t  pulses  are  therefore  required.  A 
system  which  generates  such  a  pulsed  electron 
beam  -  PEBS-IIX  -  shown  in  Figure  1  is  described 
with  regard  to  its  theoretipal  design  and  actual 
operating  parameters. 

Theoretical  Design 

For  purposes  of  generating  a  nominally  rectangular 
electron  beam  current  pulse,  the  PE3S-III  pulse 


generator  was  designed  as  a  two-section  Guillemin 
C  pulse  forming  network(PFN).  Figure  2a  shows 
the  basic  network  in  which  L^  and  Cj  are  normal¬ 
ised  capacitors  and  inductors,  the  actual  values  of 
which  are  determined  by  multiplying  the  L,  by  Zr 

a 

and  the  by  r/Z,  where  t  is  pulsewidth  and  Z  !s 
load  Impedance.  Discharge  of  initially  charged 
Cj  through  Lj  into  Z  produces  a  parabolic  rise  and 
decay  voltage  pulse  across  Z  a*  shown  in  Figure 
2b. 

By  separating  the  Cj  and  L{  into  a  series  of  n 
capacitors  and  n  Inductors  each  with  value  nCj  and 
Lj/n  respectively,  the  2-section  Guillemin  C  net¬ 
work  takes  the  fora  -  *'f  two  parallel  inductive 
n-stage  Marx  generators.  Utilisation  of  common 
interstage  switches  between  the  two  sections 
assures  simultaneous  erection  of  the  two  Marxes. 

A  schematic  of  the  PFN  Ma:.x,  less  triggering 
circuitry,  is  shown  in  Figure  3. 

Because  actual  generate!’  npacitor  and  inductor 
values  are  dependent  on  load  impedance  as  well  as 
nulsewidth,  a  model  was  developed  for  the  electron 
gun  which  constitutes  the  Z  of  the  PFN. 

A  cold  cathode  electron  gun  with  space  charge 
limited  flow  is  characterised  by  the  relation: 

.  ,  ,,3/2..  ..-2 

}  =  kV  (d-utj  , 

2 

where  }  -  current  density(A/cm  ),  V  a  gun  voltage 


tV’},  d  ■  AK  gapicmL  u  ■  plasma  propagation  veloc- 
itylcm/seej,  t  »  timeisec)  and  k  *  2. 335  x  10 
With  con* {deration  of  required  electron  energy  and 
current  density,  there  follows  the  value,  d,  of  the 
AK  gap.  An  estimate  of  beam  spread  of  1. 5  d  to 
2  d  within  the  diode  along  with  beam  length  require¬ 
ments  gives  effective  beam  area.  In  such  way 
total  gun  current  with  known  gun  voltage  leads  to 
gun  impedance. 

An  initial  approximation,  then,  for  the  P£BS-QI 
gun  impedance  was  Z  ■  56.3(1-2.  7x  10  t)“.  A 
computer  circuit  analysis  program,  ITRAC,  used 
to  evaluate  V  and  1  waveforms  for  generator  para¬ 
meters  of  Lj  >  17  pH,  Lg  b  18  pH,  C{  >  9.5  nr, 

C,  e  .  9  nP,  and  Z  as  above  produced  simulations 
shown  in  Figure  4. 

Pulse  Generator 

The  PE3S-EH  pulse  generator  comprises  two 
parallel  ten-stage  inductive  Marx  generators  in 
Guillemin  C  configuration  with  common  triggered 
spark  gaps  at  shown  in  Figure  1.  All  components 
including  generator  capacitors,  generator  induc¬ 
tors.  charging  inductors,  spark  gaps,  and  associ¬ 
ated  trigger  circuitry  are  gas  Insulated  by  common 

* 

location  within  the  main  pressure  vessel.  As 
shown,  access  to  components  is  afforded  by  their 
positioning  atop  a  support  platform  which  is  canti¬ 
levered  from  the  main  pressure  vessel  cndplatc. 

Generator  capacitors  and  inductors  were  designed 
so  as  to  permit  matching  the  PFN  to  the  time  vary¬ 
ing  electron  gun  impedance.  Specifically,  the  sec¬ 
ond  section  capacitors  were  of  multisection  con¬ 
struction  to  allow  ~  20pj  variation  for  risetime 
considerations.  The  generator  inductors  were  of 
multiturn  expandable/compressible  construction  to 
allow  ~  50r»  variation  for  pulsewidth  considerations. 

Interstage  charging  of  the  PFN  Marx  capacitor 
banks  is  by  means  of  charging  inductors  so  as  to 


virtually  eliminate  the  power  lots  associated  with 
resistive  charging.  Ordinary  magnet  wire  was 
wound  on  an  acrylic  cylindrical  support  to  form 
each  charging  inductor. 

Triggered  mid-plane  spark  gaps  comprising 
elkonlte  and  brass  electrodes  were  incorporated 
as  Interstage  switches.  Positioning  of  these 
switches  within  the  main  pressure  vessel  presented 
each  twitch  with  a  large  volume  of  gaseous  dielec¬ 
tric,  afforded  UY  illumination  among  gaps,  and 
provided  easy  access  for  adjustment  purposes. 

During  sustained  PEBS-IH  operation  into  a  dummy 
load  these  ten  switches  each  passed  >  5  mC  per 
pulse  at  55  kV,  5  kA  peak,  1.  3  usee.  20  ppt. 

Electron  Gun 

The  PEBS-I11  electron  beam  output  of  4  A/em"" 
over  2.  5  cm  x  75  cm  was  generated  by  an  electron 
gun  with  cathode  comprising  three  12  am  thick 
tantalum  foil  blades  positioned  on  a  stainless 
steel  focus  electrode  and  blade  suppo*~  structure. 

A  customer-supplied  stainless  steel  water-cooled 
hibachi  supported  a  50  pm  thick  aluminum  anode  foil. 

System  Performance  and  Conclusions 

Overall  system  performance  is  illustrated  in 
Figure  5  which  shows  a  gun  current  pulse  com¬ 
pared  with  a  dummy  load  current  pulse.  Close 
agreement  between  the  two  actual  waveforms  as 
well  as  the  computer  generated  waveform  can  be 
see*.  Beam  current  and  gun  (shank)  current  with 
and  without  focus  electrode  are  illustrated  in 
Figure  6.  As  shown,  the  focus  electrode  increases 
beam  current,  reduces  gun  current,  and  increases 
gun  impedance  as  expected. 

Development  of  the  PEBS-IH  has  demonstrated  the 
effectiveness  of  incorporating  pulse  forming  net¬ 
works  for  energisation  of  repetitively  pulsed 
electron  guns.  Such  utilisation  serves  to  improve 
efficiency  as  required  by  large  scale  systems. 
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Abstract 

Tha  daaiyn  and  daralopmant  of  hiyh 
rtpatltion-rat#,  (>1  Ui)  pul  sad  powar  yanar atari 
ara  dlacuaaad  and  a  aac  of  daoaan  daaiyn 
approach#*  praaantad.  7b*  ansuiny  tachnlcal 
approached  for  tha  pula*  fo rainy  aatwork,  Pnt 
awitchiny,  and  PPM  charylny  aodulator*  ar* 
dascribad.  Xay  slaaaats  of  tha  ayataa  ,vr*  tha 
daloniaad.watar,  fatt-snargy  atora,  and  a  flowiny 
air  apark  yap  switch,  both  capabla  ol  oparation  at 
hiyhar  than  a  1  KUa  rapatition  fraquancy.  kaaad 
on  thla  daaiyn  and  davalopmant  affort,  tha 
tachnioal  iaauaa  of  hiyh  rapatition  rata  pulaad 
powar  ayataa*  ar*  dlacuaaad,  and  raooa— ndatlona 
ar*  offarad  for  furthar  atudy  and  davalopamnc  of 
diaiactrlc*,  apark  yap  switch**,  and  hiyh  powar 
aodulator*. 

Introduction 

In  racant  yaars,  Phyaica  Intarnatlonal  (PI) 
haa  invaatad  in  tha  atudy  and  davalopmant  of  rap*- 
titivaly  pailaad  powar  ayataa*.  Boas  anphaala  haa 
baan  givan  to  tha  yana ration  of  short,  nanoaaoond 
rayima  pulaaa  into  low-impadanc*  loads  at 
rapatition  ratas  in  axoass  of  t  kha. 

Tha  watar-inauiatad  pula*  forminy  lina  and 
apark  yap  van  uaad  for  tha  critical  final  anaryy 
atora  and  switch.  At  tha  outsat,  thara  war*  wary 
fsw  data  to  support  this  cholca,  but  thara  war* 
raaaona  to  axpact  that  tha'  outatandiny  eharactar- 
iatica  of  watar  as  a  dlalactric  and  tha  apark  yap 
*a  a  switch  in  alnyl*  pula*  ayataa*  could  b*  r«- 
tainad  to  an  adaquat*  axtant  for  rapatitlva  opar¬ 
ation. 

As  a  raault  of  this  choica,  tha  iMsdlat* 
iaauaa  to  consldar  warai 


*7ha  spacial  traatnanta  tor  watar  undar 
rspatltiwa  atrauaa*  and  tha  aaaiynnant  of 
aultabl*  daaiyn  strata** 

•Tha  alactrical  and  nachanicnl  daaiyr.  of  a 
apark  yap  switch  tor  aaxl»*at  rapatltiva 
oparation  and  adaquat*  lit* 

Por  tha  antir*  ayataa,  thara  war*  nany  iaauaa  of 
yraat  aiysifloano*  for  hiyh  ropatltion  rat*  opar¬ 
ation*  i 

•Prina  powar 

•Pula#  forminy  ULn*  chary*  control 
•Capacitor  and  ooaponant  Ilia 

•Triyyar  yanaratora 
•Maat  transport 
•Hiyh  avaraya  powar  duaaay  load 
•Saa  and  watar  flow* 

to  daws  lop  tha  najor  switch  and  diaiactrlc 
tachnoloylaa,  satisfactory  solutions  for  all  thas* 
iaauaa,  and  nor*,  had  to  fas  found. 

This  papar  yivas  a  short  dascslption  of  this 
work  and  traats  tha  important  topic  of  apark  yap 
switch  parforaano*  in  mora  datail. 

Tha  Exoariaantal  Arranaamant 

A  achamatic  of  tha  switch  tasc  bad  is  shown 
in  rlyurt  1.  Tha  pula*  forminy  lina  had  a 
alumlain  configuration  with  an  output  ispadanc*  of 
2.0  ohma.  Thia  lina  is  shown  as  twa  12.3  nr 
capacitors,  atoriny  a  total  of  31  joulat  at  50  kV 


Fljurt  1  Elaetrical  tcftwnitlc  iwiteh  and  BlumUIn  PFL  tart  circuit. 

chary*.  Tha  llumlaln  was  aractad  by  tha  mid-plan* 
spark  yap  switch  undar  tsst.  An  output  paakirg 
spark  yap  switch  of  sisLilar  main  alectrode 


gwoaetry  initiated  tha  load  discharge  • 

The  pul a a  forming  lint  was  charged  In  5-10  Ua 
periods  by  a  simple  sodulator  arrangement  of  a 
15 .4  r-T  capacitor  and  thyraCron  switch.  Thla 
first  energy  atora  waa  raaonantly  charged  froa  a 
dc  power  supply  of  about  50  kw  capacity. 

7 ha  taat  bad  waa  equipped  with  diagno Jtic 
features  to  aeasura  all  tha  necessary  voltages, 
curranta(  temperatures,  pressures,  and  flow*. 


The  ooaputar  sodal  far  this  circuit  aad  tha 


pradlctlons  for  load  voltage,  currant,  and  energy 


as  functions  of  tiaa  arc  shown  in  Figure  2. 


PULSED 

POWER 

SYSTEM 
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F(guf«  2  Cftuit  concent  and  wjvefomu  for  s  I  kHr  polled  powar 
tpplicsnon. 


Senegal  CoagantJ  on  tha  Sxperlnent 


Tha  taat  bad  performed  in  acoordanca  with  tha 
pradlctiona  at  rapatition  rataa  up  to  and  greater 
than  1  V.Hx  for  pariods  'jp  to  ona  hour.  Tha  tiaa 
daisy  jitter  of  tha  load  dischargee  could  ba  stab¬ 
ilized  it  -  S  ns,  and  tha  misfire  rata  during  pro¬ 
longed  oparatlons  waa  insignificant. 


For  this  succasafui  oparation,  all  tha  aux¬ 
iliary  functions  and  faaturas  of  tha  test  bad  wara 
required  to  operate  with  at  laaat  tha  reliability 
of  the  aajor  ?FL  dielectric  and  switch 


components.  Sana  of  tha  features  nacaaaary  for 
auccaaa  ware!  (1)  the  use  of  tha  thyratron's 
rapatition  and  raoovery  characteristic*  in  tha 
main  FTX.  charging  circuits  and  tha  triggar  gener¬ 
ator^!  (2)  tha  undaratanding  and  damping  of 
voltaga  and  currant  transients i  and  (2)  tha  meclc- 
uloua  design  aad  assembly  of  high-currant-danaity 
oontact a  and  joints. 


la  a  system  that  can  accuauiata  10*  shots  in 
just  over  IS  minutes,  certain  hay  components  must 
ba  rated  aora  conservatively  than  usual  for 
aingla-ahot  pul  aad  powar  designs,  rlguxa  3  illua- 
trataa  tha  physical  diffarancaa  batwaaa  naar-oom- 
parabla  capacitors  for  repetitive  (lO8)  and 
aingla  shot  (lO *)  duties. 


Figure  3  Heoetitlve  and  tingle  ihot  espaeltori. 


dielectric  Strength  of  Deionised  Water 


Although  it  waa  not  the  prinary  ain  of  thla 
work  to  study  tha  breakdown  strength  of  water  aa  a 
function  of  frequency,  soaa  reasonable  aatinata 
waa  required  up  to  1  kHz.  Therefore,  as  part  of 
the  charging  ao delator  davalopnant,  a  water  taat 
call  waa  fabricated  and  oouplad  to  tha  sodulator 
output.  For  an  alactroda  area  of  about  6  cm',  an 
affective  atraaa  tiaa  >10  Pa  and  with  flowing 
watar  of  +  10  h<>-ca  raaiativity,  tha  breakdown 
strength  at  1  kHz  was  found  to  ba  <100  kV/ca.  Tha 
test  call  could  ba  oparatad  for  S— 10  minute 
pariods  without  breakdown  at  stresses  below 
85  kV/ca  peak. 


Subsequent  experience  with  tha  pulse  foraing 
line,  which  was  designed  for  peak  stresses  of 
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80-S5  kV/cs,  confirmed  this  steals  level  to  ba 
reasonable  for  areas  ei  IQ3  a tC,  provided  that  tha 
wata;  flow  was  symmetrical  within  tha  Una 
structure.  In  addition*  it  was  found  that 
moderate  pressure  of  a  few  atmospheres  greatly 
enhanced  tna  long-term  rsliablity. 

Performance  of  tha  Spark  Cap  Switch 

Tha  spark  gap  switch  that  was  tasted  utilixad 
vortex  fas  flow  to  provide  adequate  switch 
recovery  and  aoolin?.  in  this  switching  oonc apt* 
tangentially  injected  air  sweeps  tha  sides  of  tha 
insulators  as  it  spirals  into  the  spark  chamber 
iron  which  It  exhausts  through  tha  asm 
electrodes.  The  axhauat  porta  in  tha  main 
electrodes  are  flared  open  to  minimise  flow 
impedance  and  aid  in  gas  cooling.  The  vortex  flow 
prevents  tha  hot  gases  and  spark  discharge  dabris 
from  coming  In  contact  with  tha  insulator, 
typically  fabricated  of  acrylic  plastic.  This 
concept  is  also  advantageous  for  switch  recovery 
and  high  repetition  rate  operation  since  the 
debris  exhausts  into  a  field-free  region  (i.a., 
into  tha  center  ports  of  tha  main  electrodes). 
Turbulent  flow  is  also  needed  in  tha  switch  to  aid 
in  gas  hast  transfer  during  the  spark 
discharges.  For  these  reasons,  the  vortex-flow 
spark  gap  is  believed  to  be  ideally  suitad  for 
high  repetition  rate  operation. 


Electrically,  this  switch  design  consists  of 
two  electro das  separated  by  a  1/2-inch-thick  mid¬ 
plane  trigger  electrode.  An  ultraviolet 
illusinetor  is  incorporated  into  the  trigger 
electrode  to  ensure  low-jitter  Mitch  operation. 
The  electrode  tips  and  the  illuminator  pin  are 
fabricated  with  K-25,  a  copper-infiltrated 
tungsten  alloy  consisting  of  75%  tungsten  and  25% 
copper  by  weight.  The  electrode  tipa  are  also 
contoured  to  avoid  alectric  field  enhancement  and 
to  promote  uniform  arcing  and  erosion  over  the 
electrode  surfaces.  A  fabricated  switch  of  this 


type  is  shown  in  Figure  4. 


Figure  4  Fabricated  ipt<k  gto  twitch. 


This  switch  was  testod  at  1  kHs  in  the 
■lumlein  frt  circuit  previosly  mentioned.  The 
switch  performance  was  avslusted  in  terms  of  the  * 
fr L  gain  defined  as 


t FI  Peak  Output  Voltage 
PFL  Charge  Voltage 


The  current  pulaea  in  tha  ewltch  were  typically 
22  kA  peak  with  a  half -sine  duration  of  100  na. 
Figure  5  above  the  switch  performance  for  50  kV 


Nuweeao*  ston-aK 
Figure  5  Switch  performince, 

operation  at  1  kHz.  Hota  that  the  FIX  gain 
dacraaaaa  rapidly  after  7  million  shots.  This 
behavior  is  attributed  both  to  electrode  erosion 
and  spark  gap  resistive  phase  losses.  Various 


satirical  lava  have  bann  usad  to  charactarlse  the 
resistive  phase  or  tha  tiaa-varying  impedance  o f 
apark  gaps'-^.  In  general,  thasa  experimental 
investigations  agree  that  tha  resistive  phase 
loaaaa  ara  Inversely  proportional  to  En,  where  S 
la  tha  electric  field  atraaa  of  tha  apark  gap  and 
n  la  an  aapirlcal  conatant  varying  between  1.0  and 
2.0.  Aa  oroalon  occurs  In  tha  apark  pep,  tha 
lntaralactroda  spacing  Increases,  and  tha 
operating  field  strength  of  tha  pap  la 
dacraaaad.  For  thaaa  conditions,  tha  resistive 
phaaa  loaaaa  will  lncraaaa  and  raduca  tha  m.  pain 
or  output  voltapa  of  tha  panarator.  This  behavior 
waa  alao  verified  by  tha  air  haatlnp  In  tha  apark  * 
pap  switch.  For  example,  at  tha  start  ot  tasting, 

?  joules  par  pulse  wars  illaalpatad  In  tha  switch, 
while  aftar  11  alllion  shots,  10  joule*  par  pulsa 
war*  dlsalpatad.  Thla  amount  of  anarpy  rapraaanta 
20-301  of  tha  atorad  tn,  anarpy  for  thla 
panarator.  improvement  of  tha  panarator  *  a 
afflelancy  la  ballavad  poaalbla  by  optimizing  tha 
spark  pap  switch  daalpn.  Tha  followlnp  aaaaoraa 
can  ba  eakant  (1)  raductlon  of  electrode  pap  spac¬ 
ing*  l  (2)  cholca  of  pro  par  alactroda  aatarlalai 
and  (3)  battar  understanding  of  tha  raslatlva 
phases  of  various  paaaa. 


Ova  rail  Pulsed  Power  Canarator 


Tha  performance  of  tha  pulaad  powar  panarator 
waa  examined  in  terms  of  tha  anarpy  dallvarsd  to  a 
63  nH,  2  9  load  conalatinp  of  a  2  0,  watar-ooolad, 
potassiua-chlorlde-solution  resistor  In  sarlsa 
with  a  two -alactroda,  vortax-flow  spark  pap.  Tha 
?FL  output  voltapa  and  total  load  currant 
waveform*  wars  monitored  with  a  faat-raaponaa 
<*  I  ns),  resistive  dividar  and  Rogovski  currant 
monitor,  raspactlvaly.  Tha  waveforms  wars  digi- 
tlzad  on  a  computer,  and  tha  anarpy  dallvarsd  to 
tha  load  waa  determined.  Within  tha  £  1)1  accuracy 
of  tha  measurements,  tha  followlnp  performance  waa 
achiavad  by  tha  panarator: 


•  Output  voltapa  60-85  kV 

•  Voltapa  Risecime  <83  ns 

(51  to  paak) 

•  Fast  Pulsa  Energy  18  joules 

•Duration  of  Fast  -12  ns 

Er.arpy 


*  Total  Fulsa  Enarpy 

•  Daisy  Tima  Jitter 

Fulsa  Repetition  kata 
Conclusion 


26  joulaa 
<  n  5  ns  (paak 
to  paak) 

t  kka 

(continuous) 


In  panaral,  tha  transfar  of  former  sinpla- 
shot,  pulaad  powar  tachnolopy  to  rapatitlva  o  pa  ra¬ 
tion  raquiraa  tha  Inclusion  of  many  now 
techniques,  lncludlnp  thosa  of  microsecond 
so  du  la  tor  tachnolopy. 

A  completely  now  data  baas  1s  required  for 
dlalactrics,  anlarpinp  upon  tha  axcallant  work  of 
AWM,  Aldarmaaton*.  It  la  unlikaly  that  tha  oon- 
sarvatlwa  atrasaaa  ot  tha  powar  Industry  can  ba 
a  do  p tad,  but  tha  iltaratuxa  in  this  araa  Is  axtan- 
siva  and  any  ba  uaad  aa  a  pul  da  to  obtaining 
acceptable  dlalactric  parforaanca  tn  pulsad  atraaa 
rapatition. 

Tha  axcallant  potantiala  for  tha  spark  pap 
switch  haw  baas  daaonstratad.  This  switch  has 
outstanding  characteristics  for  fast  pulsa  forming 
Lina  applications  provided  that  tha  daalpn  is 
•pacifically  for  thla  purpose.  In  sons 
applications,  tha  provision  of  adequate  Ufa  will 
depend  upon  noro  alaborata  aachanlcal  design  than 
has  previously  beam  necessary. 
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"Frozen  Wav«"  Hertzian  gtn«racori  havt  b««n  built 
which  can  product  sultikllovatc  RF  pulita  in  chi 
atgahcrc:  frequency  rangt  with  rtptclclon  racts  of 
10* s  of  kilohertz.  Thiit  gintracort  do  noc  havt  a 
dasptd  sinusoidal  output;  chty  gintract  a  discrete, 
controllabl*  number  of  raetangular  half  cyelas. 

7h«  output  waveform  can  bt  discreetly  changed  fro* 
one  half-cycle  to  the  next.  At  the  higher  fre¬ 
quencies,  discontinuities  ic  the  twitch  and  disper¬ 
sion  in  the  cables  round  the  edges  of  the  rectangu¬ 
lar  half  cyclts,  causing  the  output  vavafont  to  be 
nearly  sinusoidal.  These  generators  have  also  been 
used  as  video  pulsars  with  variable  pulse  duration 
and  Interpulse  spacing.  Frequency,  power  and  pulse 
width  Hesitation*  will  be  discussed. 

Introduction 

In  recent  years  there  has  been  an  increased  interest 
in  Hertzian  generators  as  a  scans  of  generating 
extreme  RF  power  levels.  Most  of  these  devices 
(e.g.  L-C  oscillators)  produce  an  RF  envelope  whose 
amplitude  function  is  a  decaying  sinusoid,  Halted 
in  tlae  by  internal  damping  as  wall  as  dissipation 
in  an  external  load.  They  cannot  generate  a  short 
RF  pulse  with  a  rectangular  envelope  at  is  fre¬ 
quently  desired  in  very  short-range  radars  and  soae 
communication  requireaencs. 

This  paper  describes  the  design  and  inplesencatlon 
of  a  distributed  paraaecer  "frozen  wave  generator" 
(FWG)  which  can  be  used  as  an  RF  source  and  as  a 
video  pulser  with  variable  pulse  duration  and  inter¬ 
pulse  spacing.  The  first  part  of  the  paper  will 

+  Work  performed  as  part  of  USWC  Graduate  Cooper¬ 
ative  Program  (Univ.  of  Virginia) . 


consider  FVC's  as  high  repetition  rate,  short 
pulse  length  RF  generators;  the  last  part  will 
describe  FWG’s  as  video  pulse  generators  with 
variable  pulse  duration  and  lnterpulse  spacing. 

All  of  the  generators  considered  here  are  con¬ 
structed  fro*  standard  SO  oha  coaxial  cable. 

However,  any  transmission  line  (e.g.  stripline) 
whieh  can  be  adequately  satched  to  the  swltth  and 
load  could  be  used. 

FWG  As  An  RF  Source 

To  understand  how  the  T» C  operates  consider  an  early 
multiple-switch  version  of  the  generator  (Fig.  la). 
In  this  device,  energy  from  a  power  supply  is 
statically  scored  in  alternately  charged  sections 
of  the  transmission  line.  When  the  FWG  is  used  as 
an  RF  source,  there  are  an  even  number  of  cable 
sections,  all  X/2  in  length  (for  the  operational 
frequency  of  the  device).  A  two  cycle  device  is 
illustrated  here.  If  the  static  potential  on  the 
outer  conductors  is  plotted  as  a  function  of 
distance  (d)  along  the  cable,  one  obtains  the  static 
spatial  potential  distribution  shown  in  Figure  lb. 

A  two-cycle  square  wave  pulse  is  "frozen"  in  the 
cable.  The  charging  resistors  Rc  serve  to  isolate 
the  power  supply  from  the  FWG,  thereby  protecting 
the  power  supply  when  the  switches  close.  If  the 
switches  are  assumed  to  be  perfect  and  are  closet 
simultaneously,  a  series  of  traveling  waves  is 
initiated  in  the  cable  sections  which  allows  the 
previously  frozen  wave  train  to  cove  through  and 
dissipate  in  the  load.  Two  traveling  waves 
traveling  in  opposite  directions  are  initiated  at 
each  switch.  However,  the  effect  of  all  of  these 
waves  is  that  two  replicas  of  the  initial  frozen 
wave  cove  in  opposite  directions  toward  the  load. 


If  the  load  la  sacched  co  che  generator  tR^"  2  ZQ1, 
R^  effectively  terminates  the  cranaalssion  linaa 
and  no  reflections  occur.  Since  eh*  cables  dis¬ 
charge  into  a  sacchad  isptdanca  cha  potential  ac 
each  side  of  cha  ganaracor  1*  ona-half  cha  charging 
pocancial  of  each,  cable.  In  chia  case  che  volcage- 
eis«  wave  fora  generacad  acroat  che  load  le  exactly 
analogous  co  che  spacial  wavefora  shovn  It)  Figure 
lb.  The  pocendal  on  one  side  of  che  loail  becoaes 
Vg/i)  while  che  ocher  side  becoaes  C-  'fQ/41 ; 
hence,  che  pocenclal  difference  across  che  load  is 
V  /2.  After  half  a  period  che  pocendals  ac  each 
end  of  che  load  reverse,  again  developing  a  pocen¬ 
clal  difference  of  Vg/2  buc  now  vich  che  opporlce 
polaricy.  The  dae  for  each  half  cycle  (half 
period)  is  1/lv^,  uhere  A/2  is  che  lengch  of  che 
cable  secdon  and  v^  is  che  propagecion  veloclcy 
in  che  cable. 

If  does  noc  cereinace  che  generacor  cransaisslon 
lines,  reflecclons  will  occur  ac  che  load.  These 
refleccions  will  complicace  che  waveform  across 
che  load  especially  in  lace  dae.  Under  eercaln 
special  condlclons  pare  of  che  load  can  be  ais- 
aacched  co  obcaln  longer  waveforms.  This  case 
■Jill  be  creaced  in  che  laccer  half  of  chls  paper. 

The  auldplicicy  of  svlcches  needed  co  operace  a 
generacor  In  chls  conflguraclon  necasslcaces  pre¬ 
cision  triggering  vich  a  sulcch  Jlccer  chac  is 
such  less  chan  a  period  of  che  frequencies  of 
ineeresc.  This  rcscricclon  uculd  heap  che  FIS  a 
laboratory  cudoslcy  if  1c  were  noc  possible  co 
replace  che  auldplicicy  of  svlcches  vich  a  single 
sulcch.  In  Figure  la  note  chac  che  ends  of  each 
cable  secdon  are  ac  che  sane  pocendal.  This 
permits  one  co  fold  che  cable  sections-  into  half 
loops  about  a  single  svlcch  as  shovn  scheaacically 
In  Figure  2.  The  cencer  conductor  is  sdll 
continuous  throughout  che  cabin  sections  vich  che 
load  across  its  ends.  In  this  conflguraclon  che 
scacic  or  frozen  uave  Is  scored  In  che  cable 
5ecclons  jusc  as  In  Figure  la.  Vhen  che  switch 
is  closed,  replicas  of  che  frozen  uave  again 
effectively  travel  in  boch  directions  co  che  load. 

As  shovn  In  Figure  2.  che  FVG  is  a  concinuous 
lengch  of  che  cable  with  a  discontinuity  In  che 


outer  conductor  every  half  vevelength  (i.e.  che 
svlcch  does  noc  aelncaln  the  50-0  geometry).  At 
aore  1/2  cable  eecdone  are  added  co  che  kanerator, 
che  lecer  cycles  in  che  RF  pulse  sues  travel  through 
the  svlcch  more  daes,  causing  che  uevefora  co 
degrade  progreseively. 

Aeceapcs  have  been  made  co  solve  chle  problem  by 
minimizing  che  dieconclnulcy  associated  vich  che 
spark  gap  switch.  Ac  che  present  dme,  only  about 
1  cm  of  unehlelded  cable  length  le  neceseery  co 
inserc  che  svlcch. 

Ideally,  che  addition  of  store  cable  eecdone  co  che 
FtC  circuic  should  correspondingly  produce  aore  RF 
cycle#.  However,  because  of  the  discontinuity  of 
che  cable  lapedenee  ec  che  sulcch,  1c  la  difficult 
co  generate  aore  chan  two  or  chrea  cycles  with  an 
acceptable  uevefora  ec  che  hundrade-of-aegeherez 
frequencies.  Four  co  eighc  cycles  are  practical  ac 
eena-of-aegaherex  frtquanclee. 

The  repeddon  race  of  chess  generacora  la  Halted 
chiefly  by  che  spark-gap  switch's  curn-off  dae;  che 
sulcch  ausc  open  before  recharging  for  cha  next 
pulse  can  begin.  Dleleccric  gee  apaclee  have  been 
iaporcanc  feccors  in  che  devalopaenc  of  che  spark 
gap  svlcches.  A  nuaber  of  eapirical  experiaencs 
have  led  co  a  gas  aixeure  which  is  95-perc*nc  argon 
and  5-percenc  hydrogen.  This  aixeure  exhiblcs  che 
fasc  spark-quenching  characcerlsdcs  of  argon  which 
are  necessary  for  high  FRF  and  che  high-voltage 
scandoff  capability  which  is  characteristic  of 
hydrogen.  Another  advancage  of  this  aixeure  is  chac 
lc  generates  very  few  decomposition  products  in  che 
gap. 

Table  l  shows  che  general  performance  characteris¬ 
tics  of  soae  of  che  TVC's  built  ac  N'AVSWC.  The 
nuabers  represent  levels  ac  which  the  devices  can 
perfora  ac  10-  Co  20-ain.  intervals.  Higher  per¬ 
formance  may  be  obealned  for  shorter  times. 


Table  1. 


i  Device 

Peak  Power  (kW)  j 

2  cycle  (y  130  MHz) 

60  , 

Dual  2  cycle  130  MHz) 

io  : 

2  cycle  (  40  MHz) 

1400  l 

3  cycle  (  60  MHz) 

1500  ' 

2  cvcle  800  MHz) 

20  ! 

Characteristics  or  FVG  built  by  NAVSWC/DL. 
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FUG  A»  A  Variable  Pulse  Width  Video  Pulse  Generator 
A  cursory  examination  of  the  FUG  schematically 
illustrated  In  Figures  l  and  2  say  lead  on*  so 
believe  that  waveforms  with  consecutive  half  cycles 
of  different  periods  could  be  generated  by  screly 
using  appropriate  cable  sections  of  unequal  length. 
However,  a  closer  examination  indicates  that  this 
is  impossible  unless  the  frozen  waveform  is  anti¬ 
symmetric  about  its  center.  Since  the  frozen  wave 
effectively  tr&vels  in  both  directions  coward  the 
load,  any  asymmetry  would  cause  the  voltage  across 
the  load  to  be  different  chan  chat  of  the  frozen 
wave  since  the  potentials  at  the  ends  of  the  load 
would  no  longer  invert  their  respective  potentials 
at  the  same  time  (since  the  half  periods  are  not 
equal). 

To  elucidate  this  problem  further,  consider  a  FUG 
with  cuo  cables  of  unequal  lengths  ij  and  L.,.  The 
scaclc  potential  distribution  or  frozen  wave  of 
this  arrangement  is  illustrated  in  Figure  3a.  The 
temporal  potential  on  one  side  of  the  load  would 
be  given  by  the  waveform  in  Figure  3a.  (Again  the 
potential  is  halved  because  the  cables  are  dis¬ 
charging  into  a  matched  load.  The  values  for  the 
temporal  waveform  are  given  in  parenthesis.)  The 
potential  on  the  ocher  side  however  would  be  Che 
tine  inverse  of  Figure  3a  given  in  Figure  3b.  The 
potential  across  the  load  would  therefore  be  the 
difference  between  the  Figure  3a  and  3b  waveforma, 
i.e.  Figure  3c.  For  the  time  corresponding  to  the 
half  period  of  the  short  cable  the  output  waveform 
is  what  would  be  expected;  however,  after  this  time 
gross  distortions  in  the  output  wave  compared  to 
the  frozen  wave  occur.  A  half  period  corresponding 
to  the  longer  cable  never  occurs. 

To  overcome  ehls  problem  the  configuration  of  the 
FUG  must  be  changed  to  permit  an  unbalanced  output. 
Figure  4 a  illustrates  one  way  to  accomplish  this. 
For  simplicity  a  two  cable  generator  is  considered. 
The  cables  are  again  of  unequal  lengths  lj  and  tj. 
The  output  of  the  FUG  has  been  divided  into  R^  and 
R_.  Usually  R^  is  the  load  and  Rj.  a  terminating 
resistor.  If  R^  and  Rj,  both  equal  the  surge  impe¬ 
dance  CZ  )  of  the  transmission  lines  no  reflections 

O 

will  occur  at  the  load.  However,  the  wave 


statically  frozen  'n  the  generator  is  much  different 
than  in  the  previous  configuration.  Cable  I,  in 
Figure  Ac  has  no  potential  difference  between  its 
inner  and  outer  conductors,  while  cable  has  the 
entire  potential  VQ  across  its  inner  and  outer 
conductors.  If  one  starts  at  R^  and  travels  clock¬ 
wise  around  the  FUG  cables,  the  static  spatial 
potential  distribution  la  given  by  Figure  4b. 

The  output  waveform  across  R^,  u  video  pulse  (VQ/2) 
high  and  long,  is  illustrated  in  Figure  Ac. 

This  corresponds  to  only  half  of  the  energy  stored 
in  the  FUG;  the  outer  half  is  dissipated  in  R^. 

The  waveform  in  R^  is  shown  in  Figure  4d.  From  the 
Figures  Ac  and  Ad  one  observes  that  cable  t,  acts 
merely  as  a  delay  cable  for  the  pulse  which  is 
scored  in  cable 

Consider  now  the  case  in  which  R^  »  2p  such  that 
the  FUG  can  still  charge  properly,  but  where  Rj. 
looks  like  an  open  circuit  to  a  pulse  traveling  in 
cable  lj.  Then  the  pulse  generated  in  tj  and 
traveling  through  t,  will  be  reflected  in  phase  at 
R_.  This  reflected  wave  will  then  travel  through 
1,  and  and  be  absorbed  in  R^.  The  output  wave¬ 
form  in  will  then  be  as  shown  in  Figure  5a.  The 
number  of  pulses  have  doubled  and  theoretically  all 
of  the  energy  stored  in  the  FUG  is  dissipated  in  R^. 

Consider  next  the  csss  in  which  R^  «  2o;  Rj.  then 
looks  like  a  short  circuit  to  a  pulse  traveling  in 
cable  L.,.  The  pulse  traveling  in  l,  will  then  be 
inverted  and  reflected  at  R^.  The  output  waveform 
will  be  as  shown  in  Figure  5b.  Once  again  the 
number  of  pulses  have  doubled  and  theoretically  all 
of  the  energy  scored  in  the  FUG  is  dissipated  in  R^. 

By  using  different  cable  lengths  for  cables  lj  and 
pulses  of  various  pulse  widths  and  pulse  spacing 
can  be  obtained.  By  adding  more  cables  more  pulses 
can  be  obtained.  Die  only  constraint  is  chat  the 
later  pulses  must  travel  through  the  switch  discon¬ 
tinuity  more  times,  and  they  are  thereby  degraded. 

To  verify  that  these  waveforms  could  be  obtained, 
several  low  power  (V  »  9  volts)  FUG’s  were  con¬ 
structed.  A  mercury  wetted  reed  switch  was  used 
to  switch  these  FUG's  instead  of  spark  gap  switches. 
A  generator  which  has  the  same  basic  configuration 
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as  Figure  la  will  now  ba  described  In  note  detail. 

A  six  segaanc  (3  cables  charged  and  3  daisy  lineal 
JVC  was  constructed.  Scarclni  ac  che  load  and 
(Rjj>  of  cha  generator  cha  cabla  section  hall 
periods  vara,  respectively:  30ns,  40ns,  30ns,  20ns, 
10ns,  and  3ns.  R_  was  chosan  such  ehac  ^  >>  2Q. 
Figure  6a  Is  cha  oucpuc  curranc  wav  a  loo  In  Aar 
axpacctd  chart  Is  a  30-na  pulsa  followed  raspac¬ 
dvaly  by  a  40-ns  daisy,  a  30-na  pulsa,  a  2Q-ns 
daisy,  a  20-ns  pulsa,  and  a  S-ns  daisy.  Tha  pulsa 
chan  reflected  by  8^  follows  In  lnvarsa  eiae  wlch 
cha  saaa  polarity:  S-ns  daisy;  10-ns  pulsa,  20-ns 
daisy,  30-n»  pulsa,  40-ns  daisy  and  30-ns  pulsa. 

For  chis  wavafora  ona  can  also  obsarva  chac  cha 
shorctr  pulsa  lengchs  (higher  frequencies!  and 
lacar  pulsas  suffar  cha  aosc  degradation. 

Additionally,  If  cha  ceralaadng  raslscor  is 
ssda  equal  co  2Q,  lc  will  hava  cha  curranc  wave- 
fora  shown  in  Flgura  6b.  Slnca  cha  5-na  unchargad 
cabla  stccion  is  naarasc  cha  wavafora  will  ba: 
a  S-ns  daisy,  10-ns  pulsa,  20-ns  daisy,  30-ns  pulsa, 
40-ns  daisy,  and  50-ns  pulsa.  This  is  cba  and  of 
cha  wavafora  slnca  !t^  ceralnaeas  cha  ochar  sldt  of 
cha  FUG;  hanca,  chart  Is  no  rtflaectd  pulsa. 
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SPANK  QAP  SWITCH 

Fig.  2.  Single  Swlcch,  Two  Cyda  FWC. 


Fig.  1.  Multiple  Swlcch  Froren  Vfava  Canaracor 

a)  Scheaadcally 

b)  Scacic  Spadal  Poecndal  Dlscri- 
budon  in  che  Ceneraeor 


Fig.  3.  (a)  Scacic  Spadal  Pocendal 

Discribudon  for  Unequal  Length 
cablas  (ceaporal  pocendal 
wavafora  on  one  side  of  che  load 
Is  given  In  parenthesis) 

(b)  Tina  Inverse  of  3a  (chis  Is  che 
ceaporal  pocendal  discribudon 
for  che  ocher  side  of  che  load) 

(c)  The  Pocendal  Difference  across 
che  Load  (3b  subcracced  froa 
3a). 
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Fig. 4.  Video  Fuls« 

(a)  Schematically 

(b)  Stacie  Spatial  Potential 
Distribution 

(c)  Temporal  Voltage  Waveform  across 
*1 

(d)  Temporal  Voltage  Waveform  across 
*T 


Fig.  6.  Current  Waveforms  for  a  Six  Elestent 


Video  Pulse  FWG 

(a)  Current  Waveform  in  R^  for 
Rj  »  20  (50  nS/div) 

(b)  Current  Waveform  in  Rj.  for 
R^  «•  ZQ  (20  nS/dlv) 
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Abstract 

An  efficient  PFN/Marx  generator  waa  conecrucced 
for  generating  high  avaraga  power  alaccron  beams. 

The  generator  conalaea  of  can  100  kV  PF S  acagaa 
connaccad  In  a  Marx  configuration.  Tha  Marx  ganara¬ 
cor  employs  purgad  gaa  avlcchaa.  Tha  nominal 
oparadng  paraaacara  ara: 

Volcaga  500  kV 

Currant  10  kA 

Pulse  Duration  1  psec 
Rep-Sac*  to  100  Kx 

Avaraga  Power  co  500  kW 

This  papar  dlaeuaaaa  cha  Marx  charging  power  condi¬ 
tioning  and  cha  oparadon  of  cha  ganaracor  Into 
raalsdve  and  alaccron  beam  load*, 

Introduction 

Electron  baaaa  have  bean  uatd  for  some  time  in  gaa 
lasara  alcher  as  a  sourca  of  loniradon  or  aa  cha 
primary  puaplng  etchanisa.  Tha  axcanalon  of  cha 
gas  User  technology  co  high  average  power  requires 
che  developcenc  of  repetitively  pulsed  electron 
beaas.  In  cha  dlrecc  puaped  scheaas,  efficiency  is 
of  prlae  consideration.  This  Unics  che  type  of 
technology  which  can  be  used,  especially  ac  higher 
voltages  and  power.  The  work  reported  on  In  chls 
paper  Is  alaed  ac  developing  cechnology  primarily 
for  che  direct  puaped  application. 

Since  a  Marx  generator  is  an  Inherently  efficient 
circuic  for  generating  high  voltage.  It  is  an 
attractive  approach  to  high  average  power,  high 
voltage  systems.  The  availability*  of  proven 
ICO  KV  rep-race  switch  designs  ac  che  scare  of  che 


presot  program  allowed  che  design  co  proceed  with 
a  minima  of  switch  development.  By  incorporating 
a  pulse-forming  network  (PRO  Into  the  Marx  deaign, 
che  syscem  vas  made  efficient  with  an  output  suit¬ 
able  co  che  eleccron  beam  load. 

The  goal  of  the  program  is  co  develop  the  cech¬ 
nology  for  scaling  co  larger  systems,  both  in  che 
areas  of  che  power  supply  and  Che  eleccron  beam 
loads.  Toward  chls  end,  a  500  kV  device  la  large 
enough  co  enaure  chat  scaling  can  be  deaonscraced. 

In  Che  present  papar,  che  Marx  ganaracor  and 
associated  power  conditioning  will  be  primarily 
discussed. 

Marx  Generator  Desltn  Considerations 

Initially,  che  Marx  generator  waa  used  as  a  single- 

shoe  device  In  a  cold  cathode  development  program. 

Two  circuits  were  considered  in  che  design  of  che 
PFN/Karx  generator;  a  Guillemln  Type  A  voltage  fed 
network  (shown  In  Figure  1A)  and  a  standard  5-sectlon 
PPM  ss  shown  in  Figure  lb.  Both  circuits  have  real¬ 
istic  values  for  coatponencs  in  terms  of  available 
capacitors  and  values  of  Inductors. 

After  initial  consideration,  it  was  decided  chat  che 
PFN/Karx  approach  was  more  suited  to  che  present 
application.  There  were  basically  two  reasons  for 
chls;  first,  calculations  indicated  chat,  for  the 
present  parameters,  che  PFN/Karx  circuic  would  have 
a  slightly  faster  riseciae  than  a  Guillemln  Type  A 
network  with  a  single  resonant  circuic.  The  manu¬ 
facture  of  several  values  of  rep-race  capacitors  for 
use  in  resonant  circuits  was  considered  impractical 


with  the  then  existing  budget.  Second,  at  the 
inception  of  this  program,  the  ispedanee  collapec 
in  cold  cathode  guna  was  a  major  laaue  as  concents 
efficient  energy  transfer.  In  the  PFN/Karx  approach, 
it  is  aore  straightforward  to  caper  the  impedance 
profile  of  the  transmission  line  to  compensate  for 

a  collapsing  iapedance. _ 

The  output  parameters  of  the  generator  were  chosen 
to  be: 

Voltage  .5  XV 

Current  10  kA 

Pulse  Length  M  Usee 

Current  Density  MO  A/cm5 

These  values  give  an  iapedance  of  SO  ohas  for  the 
generator.  Because  of  the  availability  of  100  kV 
switches  and  rep-race  capacitors,  a  10-stage  Marx/ 

PIT!  was  decided  upon. 

A  practical  nuabar  of  sashes  in  the  PINs  is  five. 

The  PFS  was  aade  10X  longer  in  an  aecespc  to  get 
longer  flat  top  on  the  pulse.  Based  on  these  con¬ 
siderations,  the  PF!!s  had  the  zero  order  design 
paraacters  of  S  ohas  iapedance  and  an  electrical 
length  of  .55  Usee. 

A  circuit  diagraa  of  the  Marx  generator  is  shown  in 
Figure  3  and  in  outline  in  Figure  3.  The  switches 
and  PIT!  stages  are  oil  insulated  and  suspended  by 
nylon  scraps  in  an  oil  enclosure.  This  design  makes 
codifications  such  as  changing  the  FFN  inductors, 
relatively  sisple.  After  initial  operation  in  the 
single-shot  code,  the  switches  shown  in  Figure  3 
were  replaced  by  rep-rate  svicches  and  the  gas 
purge  lines  installed. 

To  sisplify  the  circuit,  only  the  first  two  switches 
were  triggered.  The  reaalnlng  eight  gaps  were  two 
electrode  switches  and  were  closed  by  the  erection 
wave  in  the  Marx  generator.  To  ensure  reliable 
operation  of  the  Marx  generator,  the  stray  capaci¬ 
tance  to  ground  of  the  positive  side  of  the  third 
switch  (the  first  two  electrode  gap)  was  enhanced 
by  extending  the  ground  plane  between  the  second 
and  third  stage.  This  Increases  the  over  voltage 
of  the  first  two  electrode  gap.  For  the  Marx  to 
erect  reliably,  it  was  necessary  to  install  an 
auxiliary  irradiating  pin  in  each  gap.  Because 


of  the  efficiency  requirements,  inductors  arc  used 
to  charge  the  PIT!  stages.  The  charging  Inductors 
sust  be  large  enough  so  that  only  a  small  fraction 
of  the  energy  is  lost  during  the  pulse  and  small 
enough  so  that  the  Marx  stages  can  be  charged 
uniformly.  For  the  3500  uH  values  used  here,  only 
*>33  of  the  energy  is  lost  in  the  Inductors  during 
the  pulse  and  the  A0  mM  Inductor  in  the  intermediate 
store  atill  dominates  the  charging. 


Marx  Charting  Supply  Desien  Considerations 
It  has  been  found  that  for  reliable  spark  gap  opera¬ 
tion  at  rep-rate,  a  "grace"  period  is  necessary 
before  reapplying  the  voltage.  Alternately  the 
voltage  can  be  reapplied  so  slowly  chat  rescrlke 
will  not  occur.  The  fault  mode  that  causes  sost 
concern  is  a  spark  gap  "lock-on"  where  the  primary 
supply  is  connected  to  the  gap.  This  sometime* 
causes  the  arc  to  walk  out  of  the  gap  and  onto  the 
insulator  causing  severe  damage.  Because  of  this 
concern,  it  was  decided  chat  the  Marx  charging 
should  have  two  stages  to  decouple  che  Marx  from 
the  primary  power  supply. 


The  Marx  charging  circuit  is  shown  in  Figure  4.  To 
initiate  che  sequence,  Sj  is  dosed  and  the  Inter¬ 
mediate  capacitor  is  charged  through  diode  Dj.  After 
Sj  has  recovered,  S,  is  closed  and  che  Marx  is 
charged  and  fired  at  che  peak  of  che  charging  wave¬ 
form.  The  switches  and  S,  arc  closed  by 
superimposing  a  fast  trigger  pulse  on  che  gap 
causing  breakdown.  It  was  found  necessary  here  to 
have  an  auxiliary  UV  irradiator  to  make  these  gaps 
operate  reliably. 


The  resistor  Rj  is  used  to  control  che  voltage  on 
C9.  This  approach  was  adopted  because  of  budgetary 
constraints  and  che  desire  to  use  proven  power 
supply  available  at  a  somewhat  higher  voltage  chan 
necessary  (manufactured  by  Electro  Engineering 
Works).  A  variable  voltage  transformer  in  che  pri¬ 
mary  of  che  supply  would  eliminate  che  need  for 
such  a  large  resistance.  Ac  this  stage,  overall 
efficiency  is  not  an  issue  and  it  is  more  economi¬ 
cal  to  throw  away  some  power. 
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P.esisclve  Load  Tangs 

Tha  PF M/Marx  generator  vu  tested  Into  a  diacy  load 
and  Into  various  type*  of  cold  cathode  emitters. 
Typical  output  waveforms  art  shown  In  Figure  5  for 
single-shot  operation  lnco  an  alaccron  baa«  load. 

For  this  case,  cha  voltage  rlseclme  la  '*.1  usee  and 
cha  pulaa  width  la  M9  uaac.  Tha  Slant  haa  baan 
caacad  at  charge  volcagaa  from  SO  kV  to  100  itV  and 
found  to  hava  an  oparaclng  range  a  factor  of  approx¬ 
imately  2  in  abaoluca  praaaura  for  a  glvan  voltage. 

Tha  uaual  oparaclng  point  for  tha  Marx  la  n>2/3  of 
tha  selfbreak  voltage. 

A  Halted  aaount  of  tasting  under  rep-race  condi- 
ciona  vaa  dona  Into  a  raalaclva  load  at  cha  output 
of  cha  Marx  generator.  The  purpoae  of  chaaa  ceaca 
was  mainly  to  teat  out  the  various  subsystem*.  Tha 
volume  of  tha  liquid  load  realacor  Halted  cha 
number  of  pulses  par  run  to  •'-50.  A  typical  output 
la  shown  In  Figure  6  with  a  noalnal  SO  oha  load  on 
the  Marx.  Tha  Marx  charging  voltage  and  cha  output 
voltage  are  shown  in  the  figure.  Tha  measured 
peak  ouepue  voltage  of  ISO  kV  agrees  wall  with  half 
the  open  circuit  voltage  of  480  kV. 

At  the  present  oparaclng  paraaecars,  tha  Marx 
generator  has  a  one  sign*  Jitter  of  MO  nsec. 

This  can  probably  be  Improved  by  reducing  the 
pressure,  but  no  systematic  study  of  this  has  been  j 
attempted. 

Electron  Beaa  Tests 

Experiments  on  various  cold  cathode  e niece rs  have  | 
bean  carried  out.  Typical  ouepue  waveforms  are 
shown  In  Figure  7.  There  are  SO  and  100  consecutive 
shots  In  the  S  lit  and  20  Hz  eases  shown.  The 
cathode  In  this  case  Is  a  graphite  felt  cathode 
at  a  current  density  of  MO  A/cm:.  This  cathode 
structure  has  been  tested  up  to  SO  H:  In  short 
(5  sec)  runs.  The  rep-race  Is  limited  at  present 
by  oucgasslng  in  the  diode  and  work  Is  continuing 
in  this  area. 

The  output  of  the  generator  with  an  electron  beaa 
load  is  500-500  kV  and  -10  kA.  The  nonlinear  nature 
of  the  Child's  lew  load  tends  to  distort  the  pulse 


somewhat,  but  cha  width  (FVMM)  of  the  power  pulse 
Is  M  usee  which  agrees  with  the  calculated  value. 

For  the  waveforms  shown  In  the  figure,  the  calcu¬ 
lated  energy  Is  S.S  kJ  per  pulse  compared  to  5.9  kJ 
scored  In  the  Intermediate  storage  capacitor.  This 
gives  a  Marx  efficiency  of  >90S,  although  the  values 
are  the  same  within  the  accuracy  of  the  measurements. 
Ac  50  Hz  operation,  the  average  power  is  275  kV  inco 
the  electron  beam. 


Switch  Performance 

There  are  four  switch  operating  conditions  in  the 
system:  two  In  the  Marx  charging  supply  and  two  in 
the  Marx  generator.  All  cha  switches  use  dry  air 
and  are  fed  by  a  gas  blow-down  system.  Only  a 
limited  amount  of  work  has  been  done  to  explore  the 
operating  range  of  the  various  switches  and  the  gas 
flow  Is  much  more  chan  adequate  baaed  on  previous 
work. 

The  switches  and  5,  in  the  Marx  charging  supply 
are  identical  to  those  described  previously.1  The 
same  switch  without  the  nested  electrodes  was  used 
In  the  upper  eight  scages  of  the  Marx  generator 
(M,)*  Three  electrode  switches  (Mj)  were  used  In 
the  first  two  scages.  All  the  switches  except  Sj 
had  a  grace  period  of  >5  msec  before  resppllcaclon 
of  the  voltage.  Tha  recovery  of  5^  In  Figure  4  was 
controlled  by  the  diode.  The  operating  parameters 
of  the  switches  are  shown  In  Table  1. 

During  the  rep-race  operation  consisting  of  MO* 
shots  to  dace,  no  Marx  prefires  have  been  observed 
for  the  present  operating  conditions.  A  few  pre- 
fires  of  switches  S,  and  S,  have  occurred  but  were 
traceable  to  trigger  generator  malfunctions.  The 
present  operating  values  of  che  switches  is  ade¬ 
quate  for  reliable  operation. 
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Abstract 

Vlth  th«  advent  of  leu-cost  honeycomb  extrusions  of 
polypropylene  sheets,  flash  chaabers  have  become 
very  attractive  for  large  nuclear  particle  detec¬ 
tor  arrays.  This  has  brought  about  the  need  for  a 
pulse  power  systea  that  will  provide  high  peak  cur¬ 
rents  and  low  levels  of  spurious  radiation.  Each 
sodule  of  10  flash  chaabers  will  require  a  peak 
current  of  20  XA  with  a  rise  else  (Tf)  of  <50  ns, 
giving  a  aaxiaua  race  of  current  rise  dl/dt  of 
400  KA/us.  The  pulsar  output  aust  develop  7  KV 
across  a  load  of  0.36  0  with  a  pulse  width  of 
500  ns.  The  repetition  race  will  be  one  per  sec¬ 
ond.  This  paper  describes  the  developaenc  of  such 
a  s vs tea  and  the  lapses  of  che  physical  llalca- 
tlons  of  present  coaponenc  technology  on  llfetlae 
and  pulse  fidelity. 

introduction 

In  an  article  published  In  Nuclear  Instruaents  and 
Methods,  Voluae  158,  page  239  (1979),  we  discussed 
a  systea  which  allows  rapid  data  collection  froa 
particle  detectors  known  as  "Flash  Chaabers."  A 
flash  chaaber  consists  of  a  noble  gas  alxcure  con¬ 
fined  between  two  conducting  places  In  a  dielectric 
container.  The  conducting  places  are  pulsed  to  a 
high  voltage  level  In  coincidence  with  che  passing 
of  a  charged  particle  and  a  plagaa  Is  then  forced 
In  the  dielectric  container.  Ac  this  point  che 
data  aay  be  extracted  optically  or  In  soae  cases 
electrically.  Until  recently,  data  collection  froa 
flash  chaabers  was  a  slow  and  tedious  process  be¬ 
cause  a  pnocographlc  cechod  was  eaployed.  Coaplex- 
iev  of  construction  and  high  cost  have  also  cur¬ 
tailed  the  use  of  these  novel  detectors,  but  with 
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che  advent  now  of  low  cost  honeycoab  extrusions  of 
polypropylene  sheets,  flash  chaabers  (Fig.  1)  have 
becoae  very  attractive  coaponenc*  for  large  par¬ 
ticle  detector  arrays.  The  flash  chaaber  readout 
systea  under  development  will  output  data  at  a 
rate  of  2.5  x  10  bits  per  interrogation.  The  pe¬ 
riod  of  one  Interrogation  Is  less  chan  0.01  s  as 
compared  to  che  previous  optical  system  outputs  of 
several  hundred  bits  requiring  seconds  or  ainuces 
to  accumulate.  It  Is  clear  that  this  new  readout 
aethod  will  be  of  great  value  when  fully  developed. 
At  this  point,  however,  che  systea  Is  dependent  cn 
substantial  technology  base  developments  in  the 
high-voltage  pulse  power  driver. 


FLASH  CHAMBER  CONSTRUCTION 


Figure  1 

Figure  2  shows  a  slspllfied,  overall  block  diagraa 
of  our  inscruaencacion  systea.  In  this  syscea  che 
flash  chaaber  readout,  che  high  voltage  pulser  and 
che  voltage  aonicors  are  che  aajor  areas  of  devel- 
opaent.  The  high  voltage  pulser  Is  of  aain  concern 
at  this  poinc  and  is  the  focal  polnc  of  this  report 
This  pulser  can  be  divided  down  Into  four  separace 
areas:  che  load,  energy  storage,  load  to  pulser 
interface,  and  the  switch.  These  areas  will  be 
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Particle  path 


EXPERIMENTAL  CONFIGURATION 


Figure  2 

discussed  in  this  order. 

The  Load 

The  flash  chambers  for  this  system  are  3-1/2  s  by 
3-1/2  c  with  a  chlcVness  of  3  sa,  and  are  clad  on 
both  sides  with  0.05  at  of  aluminum  foil,  foralng 
a  parallel  place  capacitor  with  a  capacity  of  20  nF. 
Since  these  ehaabers  have  diaenslons  comparable  co 
the  pulse  rise  and  fall  times,  they  cannot  be 
treated  with  conventional  transmission  line  theory, 
and  are  being  analyzed  oore  as  a  lumped  capacitive 
eleaenc  than  a  true  transmission  line.  However,' 
in  order  to  have  a  point  of  reference  the  imped¬ 
ance  of  a  chaaber  was  measured  and  found  to  be 
*5  ft,  and  the  transit  else  was  measured  to  be 
10  ns.  The  above  parameters  constitute  the  pre¬ 
dominant  characteristics  of  the  flash  chamber  as 
an  electrical  load.  In  the  planned  experiment 
there  ulll  be  450  flash  chasibers.  Each  pulsar  will 
have  to  drive  a  module  consisting  of  10  chambers. 

Energy  Storage 

For  proper  operation  and  peak  efficiency  the  flash 
chambers  require  a  rectangular  pulse,  with  a  dura¬ 
tion  of  500  ns  from  a  source  with  an  impedance  of 
5  n,  requiring  a  pulse-forming  network  (PFN)  co 
meet  these  needs.  Initially  a  Type  C  FFN  was  used, 
however,  difficulty  with  saturating  toroid  induc¬ 
tors  and  poor  pulse  fidelity  on  the  falling  edge 
precipitated  a  change  to  the  Type  B  presently  in 
use  (Fig.  3).  In  the  first  stages  of  PFN  design, 
computer  modeling  was  used  co  arrive  at  a  proto¬ 
type  design.  This  prototype  PFN  was  then  tested 
under  load  conditions  and  adjusted  co  compensate 
for  distributed  parameters  not  included  in  the 
modeling  program.  Since  high  peak  currents  and 


Figure  3 

low  inductance  are  required,  in  conjunction  with  a 
life  time  of  107  shots  (JfTBF,  902  confidence  level), 
capacitor  selection  is  non- trivial.  At  present 
capacitors  manufactured  by  Axel,  Sprauge  and  Xuraca 
are  under  test.  The  mica  capacitors  from  Axel 
Type  NS  5AV  have  an  equivalent  series  resistance 
(ESS)  of  2.10  R  for  a  6.5  nF  unit  with  an  estimated 
life  of  10*®  shots.  The  Huraca  DHS  series  capaci¬ 
tors  have  an  ESA  of  1.90  0  and  a  guaranteed  shot 

t 

life  of  10\  The  Sprauge  Type  720C  has  an  ESA  of 
6.4  {)  and  an  estimated  shot  life  of  10*.  Kith  the 
above  lifetime  data  the  emphasis  has  been  placed 
upon  the  development  of  PFN  utilising  the  Axel  mica 
capacitors. 

Load  to  Pulsar  Interface 

In  transmitting  the  power  from  the  switch  and  PFN 
assembly  to  the  chambers,  the  characteristics  of 
both  scrip  line  ar.d  coaxial  transmission  lines  have 
been  assessed.  Coaxial  lines  have  given  the  best 
results  so  far,  but  have  not  net  design  rise-time 
requirements.  Coaxial  lines  worked  well  into  a 
resistive  load  (Fig.  4),  however,  when  the  load  of 
the  chambers  was  put  on  to  a  pulser  output,  the  shock 
oscillations  and  impedance  mismatch  caused  a  severe 
degradation  in  pulse  fidelity  and  rise  time  (Fig.  5). 
Further  development  of  both  transmission  lines  is 
currently  under  way. 

The  Switc' 

After  an  t  .  market  study  and  vendor  inter¬ 

actions,  an  EGbG  thyratron  was  chosen  for  initial 
prototyping.  The  choice  of  a  thyratron  over  a  spark 
gap  was  based  on  Che  low  spurious  noise  requirement 
and  a  >  10 7  shot  life.  The  EG&G  HY-13  is  now  being 
tested  and  at  this  point  test  results  indicate  chat 
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PULSE  INTO  0.9  A  LOAO  PULSE  ON  CHAMBER 

Figure  *  Figure  5 


this  twitch  say  well  be  juac  adequate  to  ch*  cook. 
In  irder  :o  iaprov*  tit*  twitch  performance  tad  to 
reduce  «v«n  further  ch*  cocol  number  of  twitch** 
required,  ECiC  1*  developing  a  now  grounded  grid 
chyracrcn,  ch*  HY-1313  for  our  tpociflc  applica- 
cion  and  u*  ar*  now  preparing  a  t«tc  geometry  for 
this  cub*.  Figure  3  thowo  ch*  XV-13  circuit  lay- 
-'ue.  The  ?F.’i,  twitch  loop  and  electrical  ?FS 
placesene  ar*  ch*  aain  layout  changes  for*t**n. 
Ch***  ehangtt  will  r*duc«  7  and  improve  ch*  physi¬ 
cal  layouc  of  ch*  pulser.  To  dot*  w*  havo  c«tc*d 
ch*  HY-13  co  a  p«ak  currant  of  5300  amperes  into 
a  0.9  3  load  and  u«r*  «bl*  co  obtain  a  Tf  of  10  nt. 
This  is  co  b*  cospared  co  ch*  goal  of  20  XA  into  a 
5.*  vich  a  :s  of  <  50  ns,  aeaning  a  di/dc  of 
-00  XA/us. 


ar*  being  ua«d  for  further  totting  of  the  FFX.  Th« 
ST-13  at  the  present  stag*  of  catting  hat  success¬ 
fully  driven  *0X  of  ch*  load  and  at  chit  tin*  looks 
acceptable.  tC*C  is  manufacturing  a  new  cub* 
(HT-1313)  which  should  iaprov*  ch*  perforaenc*  of 
the  pulsar. 


!n  conclusion  ther*  does  not  appear  co  b*  a  problem 
with  the  FIX  or  twitch.  The  sain  art*  of  concern 
it  ch*  interface  between  ch*  twitch  and  the  load 
and  ch*  problaa  it  how  to  crantalt  large  currants 
with  fate  rlt*  tin*  into  a  capacitive  load.  This 
aspect  of  the  tyttaa  design  it  currently  und«r 
detailed  study. 


Conclusion 

Considering  shoe  life  and  ESR,  ch*  Axel  capacitors 
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XrF  LASER-TRXCGERED  S Ffi  SPARK  CAP  FOR  LOV-JKTER  TIMING 


V.  R.  Rapoport,  J.  Coldhar,  J.  R.  Murray,  and  M.  D'Addario 
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University  of  California 
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Aba trace 

An  SFj  apark  gap  oparacad  ac  {laid  acraiaaa  of  60- 
180  kV/ca  can  ba  triggered  with  aubnanoaacond  Jit- 
ear  by  voluaa  breakdown  in  SFg  lnducad  by  aa  little 
a*  10  aJ  In  IS  na  of  XrF  laacr  radiation. 


Vork  performed  under  the  autplcaa  of  the  U.  S.  De- 
partaent  of  Energy  by  the  Lawrence  Live more  Labo¬ 
ratory  under  contract  nuaber  V-7405-ENC-48. 
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EFFECTS  OF  SURROUNDING  MEDIUM  ON  THE 
PERFORMANCE  OF  EXPLODING  ALUMINUM  FOIL  FUSES 


T.  L.  Berger 

Naval  Surface  Weapons  Center 
Dahlgren,  Virginia  22448 


Abstract 

Fla:  aluminum  foil  fuses  were  exploded  electri- 
cally  by  discharging  a  capacicor  bank  into  a  atrita 
combination  Inductance  (y  600  nK)  and  fuse.  The 
2. 54  a  2.5*  a  0.0023  ca  foils  were  exploded  in  a 
aealed  ehasber.  The  rise  co  burs:  and  fuse 
voltage  characceriacica  were  inveacigaced  aa  a 
function  of  the  fuae  environaenc.  Keaulca  are 
given  for  folia  exploded  in  varioua  gaaea  and 
liquids. 


Introduction 

Electrically  exploded  conductora  are  uaeful  in  a 

vide  variety  of  pulaed  power  application.  Fact 

foil  current  breakers  have  been  uaed  to  aharpen 

current  pulaes  fron  capacicor  banks1”3  and  fron 

explosive  aagneclc  flux  compression  generacor- 
4-7 

transformer  systems  .  In  addition,  fuses  have 

been  used  as  the  high  speed  elements  for  multiple 

8-o 

stage  switching  in  inductive  energy  storage  ". 

Exploding  conductora  have  also  been  used  to  launch 

10—1"* 

hypervelocicy  projectiles 

Despite  a  vide  variety  of  experimental  work,  there 
remains  much  chat  is  not  understood  about  the 
electrical  explosion  of  conductors.  Edge  effects 
which  lead  co  breakdown,  for  example,  are  not  well 
understood.  I:  seems  reasonable  that  breakdown  at 
the  edges  of  the  foil  is  due  co  corona  discharge 
and  explosions  due  to  irregularities  which  are 
Introduced  when  the  foil  is  cut.  There  is  some 


evidence,  however,  chat  there  may  be  mechanisms 
ocher  chan  corona  discharge  which  lead  co  edge 
breakdown13.  The  effect  of  volume  changea  is  also 
not  wall  underacood.  Although  electrical  conduc¬ 
tivity  is  known  to  be  relatively  aenslclve  co 
volume  changea,  a  constant  volume  approximation  is 
generally  used  in  order  to  avoid  difficult  hydro- 
dynamic  calculations  .  Finally,  we  mention  the 
effects  of  the  surrounding  medium  on  fuse  charac¬ 
teristics.  It  is  not  clear,  for  example,  what  the 
characteristics  of  the  surrounding  medium  should 
be  in  order  co  best  inhibit  electrical  breakdown. 
On  the  one  hand,  it  is  suggested  that  the  surround¬ 
ing  medium  should  confine  the  metal  vapor  in  order 
co  Inhibit  colllalonally  Induced  ionlxaclon  and 
subsequent  breakdown1.  On  the  ocher  hand,  it  has 
been  suggested  chat  heat  transfer  and  chemical 
reactions  with  the  surrounding  medium  can  inhibit 
electrical  breakdown13. 

The  purpose  of  this  work  is  co  attempt  co  gain  a 
better  understanding  of  the  effects  of  the  fuse 
environment  on  fuse  performance.  In  this  paper 
we  report  the  results  of  measurements  of  the  tine 
co  burst  and  peak  hold  off  voltage  for  aluminum 
foils  exploded  in  various  gases  and  liquids. 

Experimental  Details 

Flat  aluminum  foils  2.54  x  2.54  x  0.0023  cm  were 
exploded  by  discharging  a  capacitor  bank  into  an 
inductance  in  series  with  the  aluminum  foil. 

The  capacicor  bank  is  a  low  inductance  bank  with 
lgnitron  switches.  The  nonlnal  charging  voltage 
is  20  kV,  the  capacitance  is  98  uF,  and  the  induc¬ 
tance  is  80  nH.  The  maximum  bank  current  is 
about  600  kA. 


The  capacitor  bank  1*  coupled  Into  a  parallel 
place  transmission  line  by  IS  coaxial  cables.  The 
cocal  inductance  o f  the  system  la  620  nU. 

Fuse  current  vas  seaaured  with  a  low  inductance 
current  viewing  resistor.  Fuse  voltage  was 
seaaured  with  a  resistive  divider. 


Experimental  Results  and  Discussion 
Figure  1  is  a  typical  exaaple  of  current  and  voltage 
waveforms  obcalned  in  this  work.  Fig.  1  shows  chat 
there  are  a  number  of  well  defined  scages  in  the 
discharge  of  the  capacitor  bank  through  the  foil. 

For  approximately  the  first  6  microseconds  of  the 
discharge,  the  fuse  voltage  changes  very  little. 

The  foil  resistance  also  changes  very  little  and 
the  currenc  is  not  far  from  what  is  obtained  in 
the  case  of  taro  resistance.  Ac  c  *  6  micro¬ 
seconds,  there  is  an  abrupc  change  in  the  slope  of 
the  voltage  curve.  Ac  chis  time,  a  solid  to 
liquid  phase  transition  is  In  progress.  At  c  ■  8 
microseconds,  chert  is  .a  very  sharp  change  in  the 
slope  of  the  voltage  curve.  Ac  this  time,  a 
liquid  to  vapor  phase  transition  Is  in  progress 
and  fuse  resistance  is  rapidly  increasing.  After 
about  200  nanoseconds,  however,  the  fuse  resistance 
begins  to  decrease  very  rapidly  presumably  due  to 
ionisation  and  breakdown  of  the  metallic  vapor. 


Figure  2  Is  a  plot  of  the  else  to  burst  as  a 
function  of  capacitor  bank  voltage  for  foils 
exploded  in  air.  Time  to  burst  is  defined  as  the 
time  to  peak  voltage  measured  from  the  point  where 
the  current  departs  from  its  initial  value  of  zero. 
The  solid  line  in  Fig.  2  was  plotted  according  to 
the  theory  of  Maslonnler  ec  al^.  According  to  this 
theory,  the  Joule  heat  power  is  equal  to  the  rate 
of  change  of  the  internal  energy  of  the  foil.  This 
leads  to  the  equation 


»T  w  c.  . 

-  (.-  {  sin  liit  ^  y  1  »  fcj  a.  Cl) 


rS2 


whore 

a  ■ 


/  Tl  de, 


and 


v  bank  eapcicance 
VQ  -  initial  bank  voltage 
S  «  cross  sectional  area  of  the  foil 
u  -  angular  fraquancy  of  sinusoidal  currenc 
Y  «  mass  danalcy  of  foil 
p  ■  raslaclvlcy  of  foil 
e  «  internal  energy  per  unit  mass 
Tq  »  initial  foil  ceatperacure 
Ty  »  foil  temperature  at  vaporisation 
The  quantity  a  can  ba  calculated  from  handbook 
cabltn  and  haa  the  valua  a  »  2.2  x  I0l*  for  alumi¬ 
num^.  This  value  of  a  corresponds  to  alow  adiabatic 
heating  at  atmospheric  pressure.  The  numerical 
factor  k.  cakes  into  account  the  rapid  heating 

‘  i 

encountered  in  exploding  foils.  Maslonnler  ec  al 

suggest 

l  <  kj  <  3. 

Using  the  antsured  value  of  u  and  other  known  values 
of  physical  paramectra,  Eq.  (1)  was  solvad  numeri¬ 
cally.  The  solid  line  shown  in  Fig.  2  vas  obcalned 
vrich  kj  ■  2.2.  The  fit  is  seen  to  be  quite  good. 

Time  to  burac  as  a  function  of  capacitor  hank 
volcaga  was  also  measured  for  folia  exploded  In 
distilled  water  and  in  aluminum  oxide  powder. 

Within  the  limits  of  experimental  uncertainty,  the 
results  (not  given  In  chla  paper)  ara  the  same  as 
chose  obtained  for  folia  exploded  in  air.  We  have 
also  measured  the  time  to  burse  for  folia  explodtd 
in  various  gases  and  liquids.  The  results  are 
giver,  in  Table  I.  These  results  show  that  the 
time  to  hurst  is  not  sensitive  to  changes  in  che 
surrounding  medium.  Since  che  thermal  conductivity 
is  much  greater  for  water  then  air,  it  seems 
reasonable  chat  more  energy  and  hence  more  cine 
would  be  required  to  obtain  a  given  resistance 
change  of  che  foil  in  water  chan  in  air.  According 
to  Burtsev  ec  al^,  changing  che  relative  resistance 
of  Che  foil  by  a  factor  of  20  requires  4. 5  kj/g  in  * 
water  and  3.2  kj/g  in  air.  We  have  noc  observed 
this  effect  possibly  because  che  nacural  frequency 
of  our  system  is  smaller  by  about  a  factor  of  2. 

Our  results,  however,  do  agree  with  those  of  Salge 

9 

et  al  . 

We  now  consider  the  maximum  standoff  electric  field 


measurements 


hese  measurements  were  made  for 


foils  exploded  in  various  gases  at  pressures 
ranging  iron  0-200  paig  and  in  various  liquids 
over  the  density  range  0.9  -  3.1  g/ca* .  This  was 
dsno  in  order  to  test  the  assumption  of  two  aodels: 
the  vaporisation  wave  model**  and  the  heat  transfer- 
ehesieal  reaction  model**. 

According  to  the  vaporisation  wave  hypothesis,  a 
vaporisation  wave  propagates  inward  froa  the  con¬ 
ductor  surface.  Ahead  of  the  wave,  the  aaterlal 
reaalns  in  the  conducting  state  while  behind  the 
wave,  the  aaterlal  is  in  a  vaporised  insulating 
state.  If  the  vapor  cloud  is  free  to  expand,  mean 
free  path  effects  should  eventually  lead  to  ioni¬ 
sation  and  hreakdovn  in  the  vapor.  This  has  been 
observed**.  Breakdown  should  be  inhibited  by 
increasing  the  density  of  the  surrounding  aediua. 

Figure  3  is  a  plot  of  the  aaxiaua  standoff  electric 
field  as  a  function  of  density  for  foils  exploded 
in  a  502  N,  502  0,  gas  mixture.  This  plot  shows 
that  the  electric  field  does  indeed  Increase  with 
density  in  accordance  with  the  vaporisation  wave 
theory.  The  saae  effect  was  observed  for  the  other 
two  gases  used  as  shown  in  Table  1.  The  peak 
electric  field  was  very  nearly  the  saae  in  all  the 
liquids  except  for  transformer  oil, 

Ve  now  consider  the  heat  transfer-chemical  reac¬ 
tion  model.  Conte  et  al1"*  have  used  this  model  to 
explain  their  results  for  aluminum  foils  exploded 
in  water.  An  exothermic  chemical  reaction  between 
the  foil  and  water  Is  thought  so  occur.  The  extra 
heat  drives  the  fuse  toward  higher  resistance  and 
sore  rapid  explosion.  Foils  exploded  in  H,0, 
exhibited  higher  holdoff  voltage  than  foils 
exploded  in  H,0  presumably  because  HjO,  is  more 
chemically  active  chan  11,0. 

In  this  investigation,  we  have  searched  for 
chemical  reactions  in  gases  and  liquids.  Accord¬ 
ing  to  Table  I,  the  saxisua  electric  field  for  the 
gases  tends  to  decrease  with  increasing  o'.tygen 
concentration.  The  peak  electric  field  was  the 
sase  for  H,0  as  for  the  more  chemically  active 
H,0j.  Thus,  the  results  of  this  work  provide  no 
support  for  she  chemical  reaction  model.  We  do 
not  reject  this  model,  however,  because  we  have 


not  Investigated  ocher  factors  which  may  be  impor¬ 
tant  such  as  time  to  burst,  foil  dimensions,  and 
rate  of  energy  transfer. 

It  is  interesting  that  at  the  saae  density,  the 
peak  electric  field  is  greater  for  helium  than  for 
the  other  gases.  This  effect  may  be  due  to  vapor 
cloud  cooling  since  helium  has  a  relatively  high 
thermal  conductivity. 

Concluelons 

In  conclusion,  this  work  Indicates  that  time  to 
burst  is  largely  independent  of  the  surrounding 
medium.  We  have  also  found  no  evidence  that  chemi¬ 
cal  reactions  affect  fuse  performance.  W«  haw 
found  some  indication  that  heat  transfer  to  the 
surrounding  medium  may  inhibit  breakdown.  Finally, 
we  have  found  that  the  hold  off  voltage  increases 
with  gas  density  in  the  pressure  range  0-200  psl 
but  there  is  a  weak  dependence  on  gas  species. 

References 

1.  C.  Maslonnler,  J.  H.  Llnhart,  and  C.  (lourlan. 
Rev.  S cl.  Inscr.  37,  1380  (1966). 

2.  K.  C.  Early  and  F.  J.  Martin,  Xev.  Scl.  lnstr. 
36,  1000  (1965). 

3.  J.  N.  D1  Marco  and  L.  C.  Burkhsrdc,  J.  Appl. 
Phys.  41,  3894  (1970). 

4.  Ye. I.  Azarkevlch  et  al,  Zhurnal  Tekhnlcheskoy 
Fizlkl  46,  1957  (1976). 

5.  A.  I.  Pavlovskiy,  V.  A.  Vasyukov,  and  A.  S. 
Russkov,  Zhurnal  Tekhnlcheskoy  Fisikl,  Pis' ms 
v  Xedakcsiyu  3,  789  (1977). 

6.  C.  H.  Fowler,  Private  Cosaunlcatlon. 

7.  S.  Antoni,  Y.  Landure1,  and  C.  Naxec,  in 
Energy  Storase,  Compression,  and  Switching. 

U.  H.  Bostick,  V.  Nardl,  and  0.  S.  F.  Zucker 
Eds.  (Plenum  Press,  Mew  York,  1976),  p.  481. 

8.  E.  K.  Schell,  Mature  Phys.  Sci.  231,  111  (1971). 

9.  J.  Salge,  0.  Braunsberger,  and  U.  Schwartz,  in 
Energy  Storase,  Compression,  and  Switching. 

U.  H.  Bostick,  V.  Nardl,  and  0.  S.  F.  Zucker, 
Eds.  (Plenum  Press,  New  York,  1976),  p.  477. 

10.  V.  E.  Scherrer  and  P.  I.  Richards,  Svmo. 
Hvpervelocitv  Impact.  4th,  Elgin  AF3,  Florida 
(April  I960). 

11.  W.  H.  Clark  et  al,  Svmp.  Hvpervelocitv  Impact, 
7th,  Tampa,  Florida  (Nov.  1964). 


240 


12.  A.  B.  Wenrel  and  J.  W.  Cehring,  Jr.,  Susa. 
Huoerveloclcv  Technique*.  4th,  Tullahoaa, 
Tennessee  (Nov.  1965). 

13.  V.  A.  Burtsev,  V.  N.  Lit unovskil,  and  V.  ?. 
Prokopenko.  Sov.  Phy*.  Tech.  Phys.  22,  930 
C1977J. 

la.  J,  D.  Logan,  R.  S.  Lee,  R.  C.  k'eingitc,  and 
K.  S.  Yee,  J.  Appl.  Phy*.  48,  621  (1977). 

15.  D.  Conte,  M.  Frledssn,  and  X.  L'cy,  Proc.  First 
IEEE  Pulsed  Power  Conference.  Lubbock,  Texas, 
1976,  ?.  II  0-7. 

16.  V.  A.  Surtstv,  V.  X.  Lltunovskil,  and  V.  F. 
Prokopenko,  Soviet  Phy*.  Tech.  Phy*.  22,  937 
11977). 

17.  F.  D.  Bennett,  In  Progress  In  High  Teaaeracure 
Phvslcs  and  Cheslstrv.  Carl  A.  Sou**,  Ed.,  Vol. 
IX  (Fergaaon  Press,  Oxford,  19681. 


Sponsored  by  XSVC  Independent  Research  Prograa  and 
the  Advanced  Research  Projects  Agency  through  the 
Naval  Air  Syscess  Coarsand. 


Table  I.  Experimental  Sumary 
P  »  pressure 
p  •*  density 

7  -  average  value  of  else  to 
burst 

E  -  average  value  of  aaxlaua 
electric  field 
HI  *  sethylene  Iodide 
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Figure  l.  Current  and  voltage  waveforms  for  foil 
exploded  In  502  0,  302  X,  at  200  psig. 
Upper  trace:  Fuse  voltage;  2kV  per 
division.  Middle  trace:  Fuse  current; 
20kA  per  division.  Lover  Trace:  one 
microsecond  else  marks. 


BANK  VOLTAGE  IN  kV 


GAS  DENSITY  IN  mg/tm5 


Tine  co  burse  (TTB)  vs.  bank 
voltage  for  foils  exploded  In 
air.  Does  ar«  experimental 
points  and  eba  curve  Is  drawn 
according  co  ch«  theory  of 
Kef.  1. 


Figure  3.  Fask  electric  field  as  a 
function  of  gas  density  fo 
foils  exploded  In  301  0, 
502  Sj. 


HIC8  FQ'-TR  VERY  USC  FVUE  TESTIJSJ  OF  A  200  KV.  TETRODE  RECVUT10X  TUBE 


Jar*  0.  Stabley,  RCA 

Sob  Cray,  Rc««  Air  D*v*lo?«*nc  Center 


ABSTRACT 

Testa  at  vary  lent  puls*  lengths  v«r*  conducted 
to  evaluate  th*  design  concept*  of  ch«  S94000E 
regulator  tub*  at  the  Rom  Air  Development  C«ne«r. 
Volta;**  a*  high  a*  2CO  KV  hav*  b«*n  twitched  for 
puli*  lengths  of  0.5  **cond*  and  at  anode  dissi¬ 
pation  level*  that  exceeded  2.0  sllllen  -act*. 
Tub**  ibilar  to  th«  on*  tested  util  b«  employed 
a*  a*ri«*  regulator*  (n  th«  TORAMAE1  Fusion  T**c 
Reactor.  Tit!*  paper  discustea  th«  tub*,  :««e  r*- 
luiti,  and  operational  experience*  a**ociat*d  with 
tho*«  t«*ta. 


?.CA  S94C00E  Tetrode 


INTRODUCTION 

A  high  voltag*  beam  power  tetrode  d**l|natad  a* 
th*  594000E  ha*  been  developed*  by  th*  Fower  Da¬ 
vie**  group  of  RCA  and  va«  caatad  at  th*  High 
fauar  Laboratory  of  th*  Rem*  Air  D*v«lopm*nt 
C*nt*r«  Thi*  tub*  shown  la  Fig.  I  rapr«*«nt*  an 
advancement  la  th*  *tat*  of  th*  art  la  tan*  of 
voltag*  hold-off  and  a nod*  di«*ip*tlon  at  th*  long 
pula*  length*  involved. 

Tub**  similar  to  th*  On*  t**c«d  will  b*  aaployad 
a*  *«rl*«  regulator  tub**  providing  pul**  voltag** 
for  Kaueral  Seam  Ion  aourca*.  Th*  ui*  of  neutral 
b«am*  ha*  proven  to  b«  a  vary  effective  way  of 
talalng  pin**  tamper* cure*  in  prnviou*  Fualon 
experiments  and  will  b«  utad  axc*a*lv«ly  in  the 
TORAMAX  Fu*loa  T««t  Reactor.  Thi*  work  ua*  funded 
by  DOE  and  contracted  through  th*  Flasma  Fhyslcs 
Laboratory  of  Frinctton  Univaraity. 

TUBE  REQUIREMENTS  FOR  TFTR 

Tub*  Typ* . . .  Tetrode 

D.C.  Anod*  Voltag* . .  200  KV 

Anode  Currant . . .  125  Asps 

Anode  Dissipation....... .  2.0  Megawatts 

Instantaneous  Crld  No.  1  Voltage. .Lets  than  Saro 

Screen  Voltag* . . . .  D.C. 

Fulsa  Length . .  1  Second 

GENERAL  TUBE  DESCRIPTION 

The  594000E  is  a  liquid-cooled  carsalc  to  natal 
baas  power  tetrode  that  utilises  thorlated 
tungsten  filaaents  in  a  circular  array  of  unit 
electron  optical  sysceas.  The  tube  contains 
sixty-six  indi  ildual  electron  guns  each  using  a 
directly  heated  ribbon  filasent.  The  control 

grid  and  screen  grid  art  eosprlaed  of  snail 
tungsten  wires  that  are  esbedded  inco  water- 
cooled  copper  blocks.  The  unique  anode  structure 


Fig.  1 
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It  centrally  located  and  It  eempri**^  of  *lxt'»- 
six  individual!,?  coolea  structures  that  ar*  an: 
a:  an  oblique  angle  to  the  electron  beam  axis. 
ThK  angle  If  effective  in  greaclv  anhaneing  the 
bombarded  anode  area.  Fig.  2  show*  a  simplified 
cross  fection  of  cne  electron  sw. 


EAPC  TSST  FAC1M7Y 

In  order  to  evaluate  the  tube  under  long  pul**, 
high  voltace  condition*,  It  was  neccatarv  to  sake 
arrangement*  for  the  u*e  of  fadlltl**  other  than 
those  available  at  the  Lancaster,  FA  location.  At 
this  point  In  tine,  the  facility  most  capable  of 
providing  21  Megawatts  of  power  at  200  KV  is 
located  at  Crlffls*  Air  Force  base  in  Rome,  NT. 

A  view  of  the  facility  if  shown  in  Fig.  3.  It 
la  very  complete  and  contains  within  one  building 
lix  61  KV  9  Am?  power  supplies,  a  high  power  load 
resistor,  a  cosplete  deaineralired  water  system, 
crowbar  protection  devices  and  various  power  sup¬ 
plies,  both  D.C.  and  puls*  that  can  be  incorporated 
for  tube  evaluation. 


For  the  tests  on  the  RCA  tube,  the  power  supplies 
were  connected  in  a  series  parallel  arrangement 
that  yielded  200  KV  at  IS  Asps  of  continuous  cur¬ 
rent.  RASC  engineers  determined  after  consultation 
with  the  power  supply  designer  and  the  solid-state 
diode  manufacturers  chat  the  current  rating  could 
be  nearly  tripled  (SO  Amps)  if  the  pulse  length 
did  not  exceed  0.1  seconds.  Consequently,  the 
test  conditions  were  tailored  to  the  RACC  equip¬ 
ment. 

The  dummy  load  resistor  that  absorbs  the  major 
portion  of  the  power  during  the  0.1  second  pulse 
is  located  on  the  high  side  of  the  power  supply. 

It  1*  comprised  of  four  sections  of  glass  tubing 
filled  wi;h  a  solution  of  sodium  chloride  and 
water.  The  solution  serves  as  a  load  resistor 
which  can  he  changed  by  changing  the  water  to 
solution  ratio.  The  dummy  load  and  Its  water  to 
air  heat  exchanger  are  shown  in  Fig.  4.  The  crow- 


Flg.  4  -  Water  load  and  Triggered  Spark  Cap 


bar  device^  is  a  series  of  Air  Caps  that  are 
activated  by  applying  a  high  pulse  voltage  to  each 
Cap,  which  in  cum  breaks  down  and  shorts  the  Power 
Supply  under  cube  fault  conditions.  Detection  of 
tube  faults  is  accomplished  by  using  eighty  CDD5 
Unitrode  diodes  that  are  immersed  in  oil.  The 
diodes  are  back  biased  until  the  Anode  Voltage 
drops  below  a  pre-sec  reference  value  which  repre¬ 
sents  a  place  arc  in  the  cube.  A  similar  arrange¬ 
ment  is  used  to  detect  screen  faults.  The  tube 


itself  Is  contained,  anode  up,  in  a  rectangular 
lead  shielded  unit  that  is  filled  with  transformer 
ail  co  prevent  arcing  across  the  output  ceramic. 

The  tank  is  raised  iron  the  floor  to  allow  access 
to  eke  eub«  Cor  connection  of  the  leads  chac  carry 
the  -COO  .laps  of  filament  current  and  for  connec¬ 
tion  of  the  auxiliary  water  hoses,  the  anode  uater 
which  flows  at  a  raee  of  230  CFM  reaches  the  tube 
through  approximately  (0  feet  of  three  inch  FVC 
pipe.  The  tube  in  its  lead  shielded  enclosure  is 
shown  in  Fig.  5.  Fig.  6  shows  a  siaplified  sche- 
satic  of  the  test  circuit  that  was  used. 


Fig.  S  -  RCA  S9«000E  in  Lead  Shielded  Oil 
Container 


Fig.  6  -  Simplified  Schesacic  of  Test  Circuit 


PROBLEM  AREAS 

Actual  testlni  of  the  S940C0E  at  Rose  was  scheduled 
to  be  approximately  a  three  week  exercise,  however, 
the  three  weeks  turned  into  a  three  month  adven¬ 
ture.  Ve  had  underestlaaced  the  problem  of 
ovarscressing  the  RACC  equipment  And  using  ic 
beyond  its  racings.  The  pcsblems  associated 
with  the  equipment  seemed  to  follow  the  falling 
dosino  effect  that  started  with  an  exploding  R/C 
voltage  divider  which  caused  a  small  fire  and  a 
considerable  amount  of  smoke.  A  breaker  then 
failed  to  open  resulting  in  the  power  supply 
operating  into  a  crowbar  generated  shore  clrculc 
for  an  extended  perljd  of  time.  Shrapnel  was  a 
constant  source  of  concern  ae  sixteen  high  volt¬ 
age  cspecltors  either  shorted  or  opened  during 
the  course  of  the  tests.  Last,  but  not  least 
the  most  time  consuming  problem  occurred  when  the 
cooling  water  for  the  dummy  load  leaked  into  the 
laeulatlng  plenum  chamber.  The  noise  associated 
with  explosions  that  occur  when  220  XV  seeks  a 
path  to  ground  is  somewhat  unimaginable  and  after 
several  occurrences  ic  becomes  frightening.  I: 
was  apparent  thee  the  nerves  of  the  personnel 
performing  the  tests  were  wearing  very  thin  when 
some  among  us  were  resorting  to  face  masks  and  ear 
plugs  at  (he  choughc  of  applying  high  voltage. 
However,  In  the  midst  of  yet  another  "explosion" 
we  did  inadvertently  leern  a  very  important  thing 
about  the  survivability  of  the  S91000E.  Ic  oc¬ 
curred  during  a  high  voltage  conditioning  process 
where  the  rectifier  was  being  used  with  e  2C0  It  ohm 
resistor  and  the  crowbar  dismantled.  During  this 
exercise,  the  high  voltage  diodes  used  to  detect 
cube  faults  shorted  which  caused  the  series  resis¬ 
tor  to  be  shorted  thereby  applying  the  200  XV 
rectifier  to  the  tube  with  only  Its  internal 
imped  .nee.  The  cube  faulted  and  hung  on  the  line 
until  a  small  16  wire  used  in  the  set-up  disinte¬ 
grated.  The  cube  had  taken  a  serious  Jolt,  the 
vac-ion  pressure  exceeded  fifty  Mllllamperes, 
however,  ic  did  recover.  Ic  was  processed  to  the 
200  XV  level  in  a  matter  of  several  hours  and 
amazingly  enough,  the  majority  of  the  tests  per¬ 
formed  on  the  tube  were  made  after  this  episode. 

«e  believe  this  is  a  highly  significant  event  and 


fives  an  indication  of  ;5u  ruggednes*  of  the 
S94000E  under  very  adverse  conditions. 

LOSC  PULSE  TESTING 

Testing  a  tubs  at  very  long  pulse  lengths,  where 
conventional  voltameters  can  be  used,  is  a  such 
different  experience  to  which  chose  associated  with 
power  pulse  systems  have  been  accustomed.  At  RADC 
several  other  Interesting  things  vjre  observed. 

For  Instance,  during  each  pulse  the  overhead  lights 
dimed  slightly,  the  cube  pressure  as  indicated  by 
the  vac-ion  puap  Increased  and  then  settled  back 
to  a  '.ewer  level  during  the  Interpulse  period. 

Vne  gains  an  appreciation  for  what  is  required  of 
the  equipment  and  the  tube's  anode  with  regards  to 
stresses  that  occur  due  to  temperature  change. 
Temperatures  that  would  normally  occur  under  con¬ 
tinuous  "on"  conditions  are  now  occurring  and  then 
changing  to  a  totally  "off"  condition  twelve  times 
a  minute  or  whatever  the  repetition  rate  of  the 
pulse  is. 

Another  interescing  cube-circuit  phenomenon  occur¬ 
red  during  the  tests  at  Rome.  As  the  cube  pres¬ 
sure  increased  during  che  pulse  "on"  time,  it  was 
noticed  that  the  instantaneous  grid  voltage  was 
developing  a  call  and  going  more  coward  zero  at 
the  end  of  the  pulse.  The  problem  was  che  result 
of  ion  current  being  drawn  through  che  control  grid 
to  ground  external  impedance.  This  effect  was 
eliminated  by  lowering  that  impedance.  If  one  did 
not  have  a  vac-ion  pump  on  the  cube,  developing 
che  instantaneous  grid  voltage  in  a  high  resistant 
circuit  could  be  used  to  detect  gas  within  the  tube 
under  negative  grid  voltage  operating  conditions. 

TEST  SUMMARY  ASP  CONCLUSION'S 

The  data  atcueulaced  at  RADC  in  conjunction  with 
the  maximum  tube  ratines  are  shown  in  Fig.  7.  It 
shows  thee  200  KV  operation  has  been  accomplished 
at  dissipation  levels  that  varied  up  to  2150  Kilo¬ 
watts  and  at  anode  voltages  that  vent  as  high  as 
62  KV.  A  nev  high  water  cark  has  been  obtained 
with  grldded  cube  in  combining  of  pulse  width, 
voltage  hold-off  and  anode  dissipation  capabili¬ 


ties.  We  are  all  proud  of  the  performance  of  che 
594000E  which  offers  future  extended  capability 
for  longer  pulse  length  at  higher  anode  voltages. 
The  uce  of  grldded  cubes  as  series  regulator  for 
TTTR  and  fucutt  fusion  reactors  is  an  exciting 
new  application. 
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Fig.  7  -  Test  Data  Summary  and  Maximum  Ratings 
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10.4 

V ERt  FAST,  HIGH  PEAK  POVER,  PLANA*  TRIODE  AMPLIFIERS  FOR  DRIVING  OPTICAL  CATES* 


M.M.  Howland,  S.J.  Davis,  W.L.  Cagnon 


abstract 


Recent  extensions  of  ch«  peak  power  capabilities 
of  planar  crlodes  have  Mdt  possible  che  latter's 
uaa  aa  vary  faat  pulta  amplifiers,  co  drlva  optical 
gates  within  hi|h-pov«r  Ndiglass  laatr  chains. 

Thais  pulse  amplifiers  switch  voltage*  in  ths 
20  kV  rang*  with  riss  class  of  a  few  nanoasconds, 
into  crystal  optical  gatts  chat  ars  essentially 
capacitive  load*. 

This  paper  describes  a  sispllfled  procedure  for 
designing  these  pulse  aapliflers.  It  further 
outlines  the  use  of  bridged-T  constant  resistance 
networks  co  transform  load  capacitance  into  pure 
resistance,  independent  of  frequency. 


Introduction 

Many  opcical  gates  in  the  Shiva  laser  syscea  at 
the  Lawrence  Livermore  Laboratory  are  Pockels 
jells.  An  approxisacn  electrical  model  of  che 
Pockols  cell  is  a  capacitor,*  whose  capacitance 
must  be  charged  very  quickly  to  optimise  the  rise 
tine  of  che  cell.  The  planar  crlode  is  a  snail, 
rugged,  aicrovava  vacuum  crlode^  designed  for 
operation  co  3  CHs.  A  cutaway  drawing  of  a  class 
of  these  centimeter-wave  planar  tubes  is  shown  in 


Lawrence  Livernore  Laboratory 
Livernore,  California  94550 

Fig.  1.  The  three  cube  types  of  nose  interest  co 
us  aa  Pockels  cell  drivers  are  shown  in  Table  1. 
Note  that  che  8)41  and  che  X2172  both  have  peak 
power  capabilities  approaching  che  500  kW  for 
short  (50-nsec)  pulses. 


Cerwnlc 

Insulation 


Fig.  1:  Electrode  arrangement  of  a  planar  crlode. 


*Kork  performed  under  che  auspices  of  the  U.S. 
Department  of  Energy  by  Lawrence  Livermore 
Laboratory  under  contract  no.  W-7405-Eng-48. 

'Reference  co  a  company  or  product  name  does  not 
imply  approval  or  recommendation  of  a  product 
by  the  University  of  California  or  che  U.S.  Dept, 
of  Energy  to  che  exclusion  of  others  thac  may 
be  suitable. 


times  Typtr 

PtM*  Volnm 

Mm.  Current 

C  Input 

C  Output 

Mu 

1*40 

4.5  kV 

3*A 

11  pt 

0.11  pi 

M 

SMI 

15  kV 

M  A 

14  pi 

0.11  pi 

200 

12177 

2SkV 

34  A 

IS  pi 

0.2  pi 

500 

Table  1.  Maximum  racings  of  some  planar  triodes. 


Circuit  Dcvelooaent 


To  nlnlaiie  che  Miller  effect  of  the  grid  to 
cathode  capacitance,  the  planar  trlode  i*  generally 
used  in  the  grounded  grid  configuration.  Thle 
require*  that  the  preceding  atage  be  capable  of 
supplying  the  full  placw  current  as  well  as  any 
current  drawn  by  the  grid.  The  coaaon  cathode 
connection  of  the  tube  can  provide  current  gain, 
and  a  brldged-T  network  employed  in  the  grid 
circuit  ovcrcoees  the  bandwidth  liaitatlon  of  the 
cocoon  cathode  configuration.  This  greatly  reduces 
che  current  drive  requireaent  of  che  preceding 
stage. 

Clntcon  et  a!.3  describe  a  negative  nucual  in¬ 
ductance  circuit,  termed  a  brldged-T  connection, 
which  is  used  on  broad-band  distributed  aaplifiers. 
This  circuit  can  mask  the  Input  capacitance  of  a 
Cuba  or  ?ockels  eell.  Figure  2  shows  the  brldged- 
T  network  and  its  various  equivalents.  Choosing 
che  values  froa  Fig.  2(c),  we  can  show  that  the 
isage  iapedance  Is  constant,  resistive,  and 
frequency  independent.  This  eliminates  the  need 
for  cersinacing  half  sections  and  permits  us  to 
terminate  che  line  with  a  resistor.  The  cutoff 
frequency  across  the  aldshunc  capacitance  in  teras 

of  Z  ,  L,  and  C,  is  shown  in  che  appendix  (Fig.  6). 
o 


Fig.  2:  (a)  Constant  resistance  bridged-?  networks 

(b)  The  aid-shunt  Inductance  Is  obtained 
froa  the  aucual  Inductance  of  this 
coll 

(c)  a  »  1.27  yields  an  opciaua  gain  band¬ 
width  network 

Trlode  Pulse  Aapllfler 

The  schematic  of  a  pulse  aapllfler  circuit  to 
drive  a  10-aa  aperture  Fockels  cell  is  shown  in 
Fig.  3.  The  Elaac  8961  planar  trlode  Is  configured 
as  a  coaaon  cathode  aapllfler,  biased  just  beyond 
cucoff.  The  end-to-end  capacitance  of  the  Fockels 
cell  is  IS  pF.  Choosing  ZQ  as  130  ft,  and  using  the 
design  charts  In  che  appendix,  t  ■  0.25  l)U  and  che 
cutoff  frequency  across  che  cell  is  'v  165  MHs.  A 


+9kV 


Fig.  3:  Planar  trlode  asplifier 


Similar  network  1*  designed  for  ch«  geld  circuit 
ulch  ZQ  equal  co  SO  ft. 

The  load  impedance  for  che  planar  crloda  la  chan 
130  ft  realadva,  and  for  a  half-wave  voltage  ac 
Che  Fockels  call  of  3500  V,  che  peak  current  la 
26.9  A.  A  load  line  for  chla  case  la  ahown  on 
cha  conacanc  currant  characcarladca  for  the  cube 
In  Fig.  A.  Ic  requires  chat  cha  grid  be  driven 
about  13S  V  positive,  co  achieve  che  necessary 
place  volcage  swing  and  peak  current.  Tie  voltage 
pulse  measured  ac  che  ouepue  of  chls  amplifier 
Into  an  attenuator  as  shown  In  Fig.  S. 


Fig.  A:  The  conacanc  currenc  charaeterlsdc  of  a 
planar  criode. 

Froa  Fig.  A,  che  grid  will  draw  alaosc  5.S  A,  when 
1c  la  driven  positive  by  135  V.  The  driver  for 
che  grid  is  an  avalonche-cransiscor  transmission 
line  pulsar  chac  docs  noc  work  lnco  chls  changing 
load  coo  well:  so  che  Input  rise  Cine  co  the 
criode  is  Halted  co  abouc  2.5  nsec.  This  also 
scans  chac  when  che  cube  grid  draws  currenc,  che 
bridged-T  network  is  no  longer  balanced;  so  ac 
chls  cine  a  reflection  will  be  sene  coward  the 
driver. 

The  coablnacion  of  high  peak  power  and  large  band¬ 
width  requires  che  circuit  to  be  laid  out  care- 


Scale  -  Korlsoncal:  5  nsec/dlv 
Vertical:  1000  V/div 

Fig.  5:  Output  of  che  planar  criode  amplifier 


fully.  Ic  la  essential  chac  cube  lead  inductances 
be  kepc  low,  so  chac  che  resonance  associaced  with 
chase  elecerodea  will  lie  well  above  che  operacing 
band  of  che  amplifier.  Many  small  capacicors 
connected  in  parallel,  and  aounced  on  a  low- 
Induccance  printed  circuit  board,  serve  as  a  by¬ 
pass  or  coupling  network.  Low-value  aeries  ra- 
slscors,  connecting  decoupling  capacicors,  are  an 
effeccive  way  co  isolate  che  modes  of  che  S+  supply 
wiring  from  che  amplifier  circulcry. 

Discussion 

Lee  us  summarise  our  design  of  a  planar  criode 
amplifier  for  broad-band  performance  and  consider 
che  various  cradeoffs  involved.  Xoraall;-,  cha 
load  Is  specified  first  and,  if  lc  can  be  modeled 
as  a  capacitor  lc  can  be  broad-banded  In  a  bridged- 
T  conflguracion  by  using  che  design  charts  In  che 
appendix;  this  secs  a  cutoff  frequency  and  an 
Impedance  level.  The  bridged-T  network  can  be 
used  up  co  *'  400  MHt.  Above  chls  figure,  che 
small  value  of  che  components  make  them  difficult 
co  fabricate.  The  volcage  necessary  ac  che  load 
and  che  impedance  of  che  load  determine  che  cube 
co  be  used.  The  cucoff  frequency  of  che  load  secs 
che  parameters  of  che  broad-banded  grid  circuit. 
Careful  component  layout  then  assures  optimum 
amplifier  performance. 


V*  have  used  the  technique*  preecnted  here  to 
design  a  pulse  amplifier  for  driving  a  10-sa 
Potkels  cell.  The  amplifier  performed  as  predicted. 
Its  output  characteristics  are:  3600  V  into  130  A 
with  2.5-nsec  rise  time,  3-nsec  fall  time,  and 
pulse  width  of  8-9  nsec.  Tit*  jitter  is  less  than 
100  pscc. 

Append  !«** 

Of  the  various  lusped-constant  lines  for  the  anode 
and  grid  circuits  studied  by  Ginxcen  ec  al.^,  the 
bridged-T  network  provides  the  highest-gain  band¬ 
width  product.  For  a  given  gain,  the  bridged-T 
line  provides  about  twice  the  bandwidth  of  eh* 
Cor.stant-K  line. 


Fig.  6:  Design  chart  for  bridged-T  network  of 
Fig.  3. 


We  obtain  the  aidshunt  Inductance  froa  eh*  autual 
coupling  between  the  two  halves  of  the  coil,  as 
shown  in  Fig.  2(b).  If  w*  choose  a  to  be  1.27, 
the  inductance  to  the  aidpoinc  of  eh*  coil  auac 
be  tO. 32  of  the  total  coil  inductance. 

By  using  the  equation 

where  n  is  the  nuaber  of  turns,  and  t  and  r  are 
the  length  and  radius  of  the  coil,  respectively, 
the  correct  coupling  results  when  the  length  of  the 
coll  is  1.35  ciaes  the  coil's  disaster. 


Fig.  7:  Design  chart  of  inductance  for  bridged-T 
network  of  Fig.  3. 


The  output  voltage,  taken  across  capacitor  C  in 
Fig.  2(c),  has  a  cutoff  frequency 

F1  '  gfef 

and  the  characteristic  lspedance 


Figure  6  is  a  design  chart  for  the  bridged-T  con¬ 
stant  resistance  network  of  Fig.  2(c),  with  the 
values  of  I.  and  C  plotted  as  functions  of  2g  and 
F^.  Figure  7  is  a  design  chart  for  the  inductor 


Reference* 

1.  L.L.  Steinaee:,  T.W.  Poulloc,  and  B.C.  Johnson, 
Applied  Optic*  12.  1468  (1973). 

2.  Electronics  Entlneers  Handbook.  D.C.  Fink,  *d. 
(McGraw-Hill,  1975),  pp.  9-23  to  9-28. 

3.  E.L.  Cinzton,  W.R.  Hewlett,  J.H.  Jasberg,  and 
J.D.  Hoe,  "Distributed  Amplification",  in 
Proc.  IRE.  956,  (August  1948). 

4.  W.L.  Gagnon  end  B.H.  Smith,  "Simplified  Design 
Techniques  for  Distributed  Power  Amplifiers", 
Had.  Particle  Accelerator  Conf.  (Feb.  1969). 
Also  published  as  UCRL  18491,  Lawrence 
Livermore  Laboratory,  Livermore,  California. 


in  this  network. 


*TkU  ItfOfl  ww  yrtpe/td  tl  M  MtOMI  of  VMM  it 

tgkOASOTSiJ  fcv  Ik*  United  StSUI  GOwefOmeHl, 
Neiiker  ike  United  Suite  nor  Ur  United  Suui 
£ner|y  4  Dr**toyene«l  AdtotnntHOon, 

nor  uy  of  tkei#  employm,  nor  »•>  of  ike* 
CootfKtori,  tuOiOotiMioei.  or  I  keif  einytorm. 
■»in  My  wvnoiy.  ( tyres*  or  Unybed.  or 
mmimi  *ny  W«*i  Ukefity  or  rMponuMjiy  for  ike 
moruy,  coenyle  tenet*  or  uefnlfteu  of  toy 
infornuiMN,  typer  glut,  yrodud  or  yrortM 
ditciosed,  or  irymenli  ikit  ill  use  would  not 
uifrio<r  rrmuly^roed 


VACUUM  ARC  3'JITCKID  INVERTS*  TESTS 
AT  2.3  KVA* 

SUOtAXO  N.  MILLER  and  A.  S.  CILHOUR,  JR. 


Department  of  Electrical  Engineering 
Laboratory  for  Power  and  Environmental  Studies 
Scat*  University  of  New  York  at  luffalo 


ABSTRACT  A  mathematical  analyst*  of  ch«  unloaded 
vacuus  arc  aulcch  (VAS)  lnvcrcar  la  undarcakaa;  a 
key  elesenr  in  this  analysis  Is  cha  assumption  of  a 
constant  voltage  drop  of  30  volts  across  each  VAS 
while  it  Is  c'  ccln(.  From  this  analysis  a  con¬ 
stant  VAS-volta^a  todal  Is  davslopad  to  explain  cha 
VAS  Invartar  operation.  A  comparison  of  data  ob¬ 
tained  froa  laboratory  casts  wT  th*  Invartar  la 
sada  with  data  obtained  froa  this  •— del,  and  agree¬ 
ment  Is  found  to  ba  within  10X  for  up  to  13  altar- 
nations. 

INTRODUCTION  High-frequency,  high-power  Invartar 
circuits  employing  vacuus  arc  switches  (VAS's)  as 
the  switching  eleaents  have  been  under  development 
at  the  State  University  of  Hew  York  at  Buffalo 
(5UHYAB)  for  sons  tine  (1-7).  The  circuit  used 
In  this  developsenc  Is  the  series  Inverter  shown 
•a  Figure  l.  Several  tests  have  been  conducted  on 
the  Inverter  (3);  using  the  results  of  these  tests, 
a  model  of  che  Inverter  was  developed  as  Is  describ¬ 
ed  In  the  following  paragraph*. 


IXVEETER  CIRCUIT  ANALYSIS  Th*  operation  of  th*  In¬ 
verter  circuit  shown  in  Figure  l  has  been  described 
(6).  To  earlier  work  (l)  the  voltage  drop  across 
the  VAS  was  measured  and  found  to  be  nearly  constant 
over  a  wide  rang*  of  conducting  currents.  This 
characteristic  suggests  a  constant  VyAJ  model  for  th* 
VAS.  Taking  this  characteristic  Into  account,  the 
capacitor  voltage*  during  tha  conduction  of  VA5j  can 
be  shown  to  be  (A) 

vc> [Vv?]11 


+  i - - L_j 


”°1C [-o, aln(w.t>-w.co#(u. t) 1 

t- - * - S - L_j 

1  _ 


(D 


FIGURE  l.  Series  Vacuum  Arc  Switched  Inverter. 

*This  work  was  sponsored  by  the  Air  Force  Aero- 
propuls  ion  Laboratory,  Wright-Patterson  AF3, 
Ihlo. 
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Th<  aquae  Ions  for  ch«  capacitor  voltages  hava  a  si ce¬ 
llar  fora  for  chc  conduction  of  VA S,  (4).  How,  the 
initial-final  conditions  between  alternations  taka 
tht  following  typa  of  fora: 


as  tha  bright  positiva  and  negative  peaks.  This 
oscillograph  suggests  an  approach  to  coeparing 
data  froa  the  nodal  with  data  froa  tha  teat.  Tha 
vavafora  in  this  oscillograph  has  a  definite  envel¬ 
ope;  this  envelope  provides  a  good  picture  of  the 
operation  of  the  entire  circuit,  since,  as  the  aodel 
equations  show,  an  interdependence  exists  between 
all  of  the  paraaeters  of  the  circuit.  Therefore,  if 
the  equations  are  obtained  for  the  capacitor  voltage 
envelopes,  this  fora  of  the  aodel  will  provide  a 
basis  for  coaparing  the  aodel  with  the  data  froa  the 
laboratory.  The  equations  thus  obtained  are  (4), 
.for  chc  positive  peaks, 


and 
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where  a  •  2k+l, 

n  “  2k, 

and  k  is  the  inverter  output  cycle  nuaber, 


again  where 

n 


0,  2,  4,  6,  •••• 


(6) 


k  *  0,  1,  2,  3,  ♦•*. 


For  the  negative  peaks,  the  equations  becoae 


Equations  (1)  -  (3),  together  with  the  initial-final 
conditions,  eoaprise  the  Constant-!’^  Model.  A 
coaparison  will  now  be  oade  between  data  obtained 
fron  this  aodel  and  data  obtained  In  the  laboratory. 

APPLYING  THE  MODEL  Figure  2  shows  an  oscillograph 
of  vc  (t)  obtained  while  the  Inverter  was  operating. 
In  th?s  particular  test,  the  VAS's  were  pulsed  alt¬ 
ernately  at  a  1.04  kHz  race.  The  L-C  coabinacion 
of  the  circuit  was  resonant  at  9303  Hz,  so  the  trans¬ 
ition  tiac  between  the  two  polarities  indicated  on 
the  oscillograph  was  about  54  usee.  This  left  a  de¬ 
lay  of  0.9  ascc  before  the  next  VAS  was  fired. 

This  0.9  nsec  delay  appears  in  the  oscillograph 
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TAB  LX  l.  Data  for  Cooparison  of 
Inverter  Testa  with  the  Model. 
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FIGURE  2. 


Oscillograph  of 
of  cha  Inverter. 
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(c)  during  Oparaclon 


Equacions  (A)  -  (9)  ware  used  co  calculate  cha  suc¬ 
ceeding  inicial-final  conditions  on  cha  capacitors, 
causing  the  sane  pre-charged  voltages  used  in  the 
laboratory  tests  (4),  and  50  volts  for  Vy^..  Table 
1  shows  data  extracted  fron  Figure  2  coopered  with 
data  obtained  fron  the  Conscanc-Vy,^  Model.  As  can 
be  seen,  the  envelope  determined  by  the  nodal  Hatches 
quite  closely  the  envelope  obtained  froa  the  tests. 
Note  chac  the  envelope  values  determined  by  the 
nodel  are  within  the  estimated  102  accuracy  of  the 
test  data  out  co  the  15  alternation. 


Vc  (n/«) 
trie  teats 
(kV) 

?c  (n*M 
txom  Y^-SOV 
(W) 

Alternation 

Jte.  (n) 

-1.00 

-1.00 

0 

1.25 

1.26 

1 

-L.05 

-1.14 

2 

1.35 

1.35 

3 

-1.15 

-1.23 

4 

1.40 

1.39 

5 

-1.20 

-1.24  ■ 

6 

1.40 

1.37 

7 

-1.20 

-1.24 

8 

1.30 

1.29 

9 

-1.10 

-1.17 

10 

1.20 

1.18 

11 

-1.00 

-1.05 

12 

1.10 

1.02 

13 

-0.90 

-0.90 

14 

0.95 

0.83 

15 

-0.75 

-0.71 

16 

TABLE  2.  Values  of  Inverter  Cooponencs. 

Coaponenc 

Value 

C1 

960uf 

C2 

4.39UF 

C3 

4.89uF 

L 

30uH 

rckt 

23. 2 nO 

The  conponenc  values  used  In  Equacions  (6)  -  t,9)  in 
calculating  the  data  points  llsced  for  the  nodel  in 
Table  l  had  been  obtained  in  earlier  tests  (3) ,  and 
are  listed  in  Table  2. 


CONCLUSION'S  For  the  V'AS  operating  In  a  series  res- 
onaas  inverter,  the  use  o f  a  Conscani-V^  Model  to 
represent  the  dynaaic  characteristics  o f  the  VAS  la 
a  valid  approximation  (or  high  power  (2  -  2.5  MVA' 
operation.  Further  testa  are  therefore  warranted 
at  other  operating  power  levels. 

E£FERK:C£S 

1.  A.  S.  Cllsour,  Jr.,  and  0.  L.  Lockwood,  "Vacuus 
Arc  Inverter  Switch  Development  Program",  Proc. 
IEEE  19?5  Xaecon,  pp28l-288,  June  1975 

2.  A.  S.  Cllsour,  Jr.,  and  D.  C.  Hopkins,  “Recent 
Results  of  Vacuus  Arc  Switched  Multi-Megawatt 
inverter  Tests",  Proc.  IEEE  International  Pul¬ 
sed  Power  Conference,  Texas  Tech  University, 
Lubbock,  Texas.  Xovcsber  1976 

3.  D.  C.  Hopkins,  "Construction  and  Energy  Loss  of 
a  Vacuus  Arc  Switched  Series  Inverter",  HSE£ 
thesis.  State  University  of  Hew  York  at  Buffalo, 
Asherst,  XT,  February  1978 


а.  F,.  X.  Miller,  "Vacuus  Arc  Switched  inverters", 
PhD  Dissertation,  State  University  of  Mew  York 
at  Buffalo,  Asherst,  XY,  February  1979 

5.  R.  X.  Hiller,  k.  Z.  Dolllnger,  and  A.  S.  Gllaou 
Jr.,  “High  Repetition  Race,  High  Power  Pulse 
Tests  of  Vacuus  Arc  Switches",  Proc.  IEEE  Pulse 
Power  Modulator  Sysposiua,  State  University  of 
Xew  York  at  Buffalo,  Asherst,  XY,  June  1978 

б.  R.  X.  Miller,  ec  al,  "A  Multi-Megawatt,  Vacuus 
Arc  Switched  Inverter  for  Airborne  Applications 
Proc.  IEEE  Pulse  Power  Modulator  Sysposiua, 
State  University  of  Xew  York  at  Buffalo,  As- 
herst,  XY  1978 

7.  R.  X.  Hiller,  P.  T.  Cllnski,  and  A-  S.  Cllsour, 
Jr.,  "A  Facility  for  Testing  High  Power  DC,  AC, 
or  Pulsed  Devices",  Proc.  I£EE  international 
Pulse  Power  Conference,  Texas  Tech  University, 
Lubbock,  Texas,  Xovesber  1976 


3G0-kJ,  2C0-kA  KMX  MODULE  FOR  AHTMES* 


K.  6.  Riepe,  J.  Bickford,  0.  Jansen,  tod  W.  Turner 


University  of  California,  Los  Alamos  Scientific  Laboratory 
Los  Alamos,  Ml 


Abstract 

Antares  Is  a  100-kJ  C02  User  driver  for 
inertial  confinement  fusion  experiments.  The 
power  amplification  stage  is  pumped  by  an  elec- 
tron-beam-controlled  gas  discharge.  There  are 
24  annular  discharge  regions,  each  requiring  en¬ 
ergy  input  of  250  kJ  at  550  kV,  in  a  2-ysec 
pulse. 

The  energy  storage  module  chosen  for  this 
system  Is  a  single-mesh  pulse-forming  network. 
To  provide  sufficient  energy  margin  each  module 
stores  300  kJ. 

A  prototype  300-kJ  Marx  has  been  built  and 
tested  at  the  Los  Alamos  Scientific  Laboratory. 
This  has  been  used  as  a  test  bed  for  components, 
triggering,  and  Instrumentation. 

Introduction 

The  Antares  laser  requires  24  Marx 
generators,  each  storing  300  k<3  and  capable  of 
delivering  more  than  200  kA  at  550  kV  to  a  gas 
discharge  load.  Since  reliability  of  this 
system  is  critical  to  the  facility,  a  test  and 
development  program  was  Implemented  for  critical 
components  and  a  prototype  Marx  was  built  and 
tested.  The  main  parameters  of  Interest,  In 
adaltlon  to  operational  reliability,  were  jitter 
and  prefire  rate. 

■Varx  Oeslon 

The  discharge  circuit  is  a  single-mesh 
pulse-forming  network,*  with  1.2-MV  open-cir¬ 
cuit  voltage,  0.42-yF  capacitance,  and  <3-yH  In- 


*Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy 
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ductance.  These  circuit  parameters  are  achieved 
using  60  kV  stages  with  three  parallel  2.8-pF 
capacitors  at  each  stage  and  a  double-folded 
geometry  to  give  the  required  Inductance.  The 
double-folded  geometry  also  results  in  good  In¬ 
terstage  capacitive  coupling,  which  aids  in 
achieving  low  jitter.  In  addition,  the  midplane 
trigger  electrodes  are  coupled  three  stages  down 
the  Marx.  The  first  three  gaps  are  triggered  ex¬ 
ternally.  Charging  is  in  the  ♦/-  mode,  so  the 
spark  gaps  run  at  120  kV.  The  spark  gaps  are  op¬ 
erated  at  a  safety  factor  M  ■  2  (self-breakdown 
voltage  •  240  kV)  to  give  a  low  prefire  rate. 

Spark  Gaps 

The  Marx  switches  are  high-pressure  gas- 
filled  spark  gaps.  These  switches  must  handle 
the  normal  discharge  conditions  of  200  lA  and 
1  coulomb,  and  occasional  fault  conditions  of 
400  k,\  and  5  C,  while  operating  with  very  low 
jitter  and  low  prefire  rate.  The  individual 
switch  jitter  requirement  is  difficult  to  spec¬ 
ify,  because  operation  in  a  Marx  generator  in¬ 
volves  many  complicated  transients.  The  switch 

prefire  rate  should  be  approximately  10"5  for 

-2  3 

a  system  prefire  probability  of  10  to  10"  , 
requiring  that  the  gaps  be  operated  with  a  high 
safety  factor. 

Since  low  Marx  Inductance  is  important  the 
length  of  the  spark  gap  should  be  as  small  as 
possible  to  keep  the  capacitor  stacks  close 
together. 

Soark-Gap  Design 

The  completed  spark-gap  design,  which  evolved 
after  many  modifications,  is  shown  in  rig.  1. 
This  switch  has  been  tested  for  2000  shots  under 
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fault  conditions  with  no  measurable  deterioration 
in  performance.  The  parts  ere  fabricated  from 
materials  *s  listed  below: 

End  plates  (2) 

Electrode  standoffs  (2) 

Electrode  (dish)  holder  (1) 

Snap  ring,  tapered  (1) 

Electrode  hold-down  bolt  (2) 

Insulating  housing  (2) 

Compression  thru-rods  (6) 

Compression  thru-rod  nuts  (12) 
Hemispherical  electrodes  (2) 

Trigger  disk  electrode  (1) 

The  overall  length  of  the  assembled  switch 
is  25  cm,  including  the  glass  composition  nuts 
used  on  the  polyurethane/glass  through-rods;  the 
diameter  of  the  switch  is  25  cm.  The  main  elec¬ 
trodes  are  hemispheres  5  cm  in  diameter  with  a 
gap  spacing  of  2.79  cm.  The  trigger  disk  elec¬ 
trode  is  0.64-cm  thick,  10.2-cm  diam,  with  a 
2.5-cm-diaa  center  hole.  The  edge  of  the  trigger 
disk  center  hole  is  machined  with  a  full  radius. 

To  keep  weight  and  cost  down,  the  end  plates 
were  made  of  aluminum.  The  trigger  disk  holder 
and  main  electrode  standoffs  were  made  from  alu¬ 
minum  bronze,  which  is  easily  machineable  and 
chemically  more  stable  than  aluminum  or  brass. 
The  insulating  housing  was  made  from  blue  nylon 
because  it  had  the  best  combination  of  mechanical 
properties,  cost,  and  availability. 

8ecause  of  the  high  current  and  charge  trans¬ 
fer  requirements,  a  high  quality  electrode  mate¬ 
rial  is  required.  It  is  known  that  the  erosion 
of  brass  would  be  excessive  at  this  duty.  Several 
other  electrode  materials  were  considered.  Their 
properties  are  shown  in  Table  1. 

When  used  in  the  short-circuit  test  (de¬ 
scribed  below),  molybdenum  electrodes  fractured 
in  a  few  shots.  We  attribute  the  problem  to  mod¬ 
erate  electrical  (and  thermal)  conductivity  com¬ 
bined  with  poor  room  temperature  is^ect  strength. 

Zirconium  copper  survived,  but  eroded  sig¬ 
nificantly  in  several  hundred  shots.  Tungsten- 
rilled  copper  eroded  unacceptably  after  approx. 


750  shots.  Copper-filled  tungsten  more  than  ex¬ 
ceeded  the  design  criteria,  lasting  for  2000 
shots  with  negligible  erosion. 

aluminum  6001 -T6  plate  or  bar  stock 

aluminum  bronze  No.  618  bar  stock 

aluminum  bronze  No.  616  plate  stock 

carbon  steel 

threaded  steel  rod 

cast  nylon  tubular  bar 

3/4-10  Penial  i  "Superstud'* 

3/4.10  Pcrmall  HE  glass 
Plansee  K25  copper-filled  tungsten 
Plansee  K25  copper-filled  tungsten 

The  final  prototype  survived  2000  consecutive 
operations  under  conditions  which  simulate  a  Karx 
fault.  A  schematic  diagram  of  the  test  fixture 
and  associated  test  parameters  is  shown  in  Fig.  2. 
A  120-kV,  27-kO  capacitor  bank  was  switched  into 
a  low  Impedance  circuit  resulting  in  an  oscilla¬ 
tory  ring-down  through  the  spark  gap.  This  test 
generated  a  peak  current  of  460  kA,  9  coulombs 
per  shot  at  120  kV,  a  ringing  frequen-  v  of 
180  kHz,  with  a  repetition  rate  of  one  shot  per 
minute.  The  gap  was  operated  with  a  safety  fac¬ 
tor  of  H  ■  2,  requiring  a  pressure  of  50  psig  of 
dry  air.  It  was  purged  with  dry  breathing  air 
imnediately  after  each  shot.  Purge  duration  was 
10  seconds  at  3.3  cfm. 

After  2000  shots,  the  spark  gap  was  removed 
from  the  test  fixture  and  examined.  The  5-cm 
diameter  K25  electrode  hemispheres  showed  insig¬ 
nificant  wear.  81ack  and  brown  surface  discolor¬ 
ation  and  roughness  were  present  indicating  for- 
3  4 

mations  of  oxides.  '  Cleaning  the  oxides  from 
the  surfaces  revealed  small  amounts  of  surface 
pitting  but  no  grain  boundary  erosion  or  cracks. 
The  K25  trigger  disk,  0.64-cm  thick  by  10.2-cn 
diam  with  a  2.5-cm-diam  center  hole  exhibited 
some  erosion.  The  hole  had  not  enlarged.  Pref¬ 
erential  erosion  was  evident  on  a  section  of  the 
surface  oriented  toward  the  negatively  charged 
half  of  the  capacitor  bank.  This  erosion  was  in 
the  form  of  localized  pitting  approximately 
0.1-nm  to  0.3-imi  deep  over  an  area  of  approxl- 
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TABLE  l 

METALS  INVESTIGATED 


Metal 

Molybdenum 

Zirconium  Copper 

Tungsten-filled 
copper  matrix 


Electric*! 

Conductivity 

F*ir 

Excellent 

Good 


Copper-filled  Good 

tungsten  matrix 

2 

mately  1  cm  netr  the  hole  edge.  The  same  oxide 
discoloration  and  roughness  were  present  as  on 
the  hemispheres. 

The  interior  surfaces  of  the  nylon  insulator 
were  discolored,  glazed  and  rough,  but  no  cracks, 
burns,  or  electrical  tracking  were  in  evidence. 
It  appeared  as  though  heat  had  glazed  the  qylon, 
short  wavelength  radiation  had  discolored  it,  and 
hot,  nonconducting  metal  oxides  had  splattered 
and  coated  the  surfaces.  Blue-colored  powder 
(probably  zinc  oxide)  had  settled  by  gravity  on 
the  lower  halves  of  each  insulator.  At  the  con¬ 
clusion  of  the  2GG0-shot  test,  the  dielectric 
strength  of  the  nylon  surface  was  still  suffi¬ 
cient  to  hold  off  120  kV  for  three  minutes  at  a 
gas  pressure  of  30  psig  (M  -  1.2).  This  test  was 
repeated  three  times  with  several  full-power 
shots  between  the  three-minute  holding  periods. 

The  switch  was  tested  for  jitter  at  different 
operating  voltages  and  pressures  with  a  0.25-chm 
CuSO.  resistor  installed  to  simulate  actual  oper¬ 
ating  conditions.  A  500-ohm,  CuS04  rbsistor  was 
inserted  in  series  with  the  trigger  electrode  to 
simulate  circuit  values  in  the  Marx  generator. 
The  test  arrangement  is  shown  in  rigs.  3  and  4, 
and  the  test  results  are  shown  in  Figs.  5-11. 
The  trigger  voltage  a-rplitude  and  waveform  (Fig. 
5)  was  held  constant  for  all  jitter  measurements. 
The  time  spread  is  on  the  order  of  10  ns.  The 
effect  of  trigger  amplitude  on  jitter  is  shown 
in  Figs.  11  and  12.  A  Hewlett-Packard  5370-A 
Time  Interval  Counter  corroborated  the  oscillo¬ 
scope  data. 


Property 

Hign  Temp.  Room  Temperature 

Strength  Impact  Strength 

Excellent  Very  Poor 


Poor 


Good 


Poor 


Poor 


Excellent  Poor 


Resistors 

Host  Harx  generators  have  used  liquid  resis¬ 
tors  for  stage  charging  isolation  and  trigger 
coupling.  We  felt  that  liquid  resistors  would 
not  provide  the  reliability  required  in  this 
large  system.  Some  type  of  solid  resistor  was 
preferred.  We  tested  two  types,  wire-wound  and 
Carborundum  type  AS.  The  test  consisted  of  dis¬ 
charging  a  170-yF  capacitor  at  voltages  up  to 
11  kV  (10  kJ)  into  the  resistor.  The  resistors 
were  first  soaked  in  transformer  oil.  The  wire- 
wound  resistors  were  Dale  225  W,  ICO  ohm.  They 
failed  at  1/2  kJ,  by  melting  of  the  coating.  The 
Carborundum  resistors  were  type  889  AS  (12  in. 
long,  1  in.  diam).  They  failed  at  3  kJ  by  chip¬ 
ping  of  the  material.  These  are  rated  by  the 
manufacturer  at  35  kJ  when  operated  in  air.  We 
then  tested  some  resistors  which  were  coated 
with  epoxy  by  the  manufacturer  to  keep  oil  out 
of  the  resistor  body.  These  were  run  up  to 
10  kJ,  the  limit  of  our  test  facility,  without 
failure.  This  provided  an  adequate  safety  mar¬ 
gin  for  use  in  the  Marx  generator. 


Marx  Testing 

A  prototype  Marx  was  built  and  tested  to  de¬ 
termine  operating  reliability,  Jitter,  and  pre¬ 
fire  rate.  8ecause  the  resistor  development  pro¬ 
gram  was  still  in  progress  when  the  Marx  was 
built,  liquid  resistors  were  used  initially. 

Jitter  was  measured  using  an  HP-5370A  time 
counter.  The  start  signal  was  taken  from  the 
first  stage  of  trigger  amplification,  a  PATCO 
PT-70.  The  remainder  of  the  trigger  system  con- 
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sists  of  *  PATCO  TG-55  (Krytron  switched  spiral 
line)  end  a  three-stage  trigger  Marx  with  120-kV 
output,  driving  three  50-oh®  cables,  30  ft  long. 
The  stop  sign*)  for  the  counter  ccaes  frcm  a 
shielded  single-turn  I  probe  placed  In  the  Kara 
tan*.  Because  of  severe  noise  problems,  this  was 
coupled  through  an  analog  fiber-optic  system. 

The  system  rms  jitter  with  liquid  charging 
and  trigger  resistors  was  12  ns.  With  solid 
charging  resistors  and  liquid  coupling  resistors, 
the  jitter  was  14  ns,  and  with  all  solid  resis¬ 
tors,  jitter  was  15.5  ns.  All  jitter  measure¬ 
ments  are  after  500  tc  800  shots  at  full  energy. 

A  set  of  shots  was  20  to  30.  The  liquid  resis¬ 
tors  were  mounted  directly  to  the  capacitor  bus¬ 
bars.  When  the  change  was  made  to  solid  charg¬ 
ing  resistors,  all  the  resistors  were  mounted  on 
a  board  outside  the  H4rx  with  wires  going  to  the 
bus-bars.  The  increased  inductance  of  this  path 
may  account  for  the  increased  Jitter  of  the  Narx. 

The  prefire  rate  has  been  on  the  order  of 
0.01.  This  seems  excessive,  considering  that  the 
spark  gaps  are  run  with  a  safety  factor  K  ■  2, 
and  that  the  electrodes  feel  very  smooth  after 
running  at  full  energy.  Self-breakdown  voltage 
vs  pressure  curves  were  run  on  new  and  used  (500- 
shot)  gaps.  These  showed  only  a  few  percent  dif¬ 
ference.  Experiments  are  continuing  using  in¬ 
creased  air  flow  through  the  gaps  and  50-um  mesh 
filters  on  the  air  line  to  each  gap. 
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Fig.  4.  Jitter  test  circuit  parameters. 
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Abstract 

The  COj  laser  amplifiers  used  in  the  Antares 
inertial  confinement  fusion  project  require 
large-area  radial  beams  of  high-energy  electrons 
to  ionize  the  laser  medium  before  the  main  dis¬ 
charge  pulse  is  applied.  He  have  designed  a 
grid-controlled,  cold-cathode  electron  gun  with 

a  cylindrical  anode  having  a  window  area  of 

2 

S.3m  .  A  full  diameter,  1/4  length  prototype  of 
the  Antares  gun  has  been  built  and  tested.  The 
design  details  rf  the  Antares  electron  gun  will 
be  presented  as  well  as  test  results  from  the 
prototype.  Techniques  used  for  the  prevention 
and  control  of  emission  and  breakdown  from  the 
grid  will  also  be  discussed. 


Introduction 

The  Antares  laser  fusion  system  at  the  Los 
Alamos  Scientific  Laboratory  (LASL)  is  designed 
to  deliver  up  to  100  kj  of  energy  to  a  target  in 
a  1-ns  pulse.  A  low  energy,  short  pulse  of  CO2 
laser  light  is  split  into  six  beams,  each  of 
which  Is  then  amplified  in  a  laser  power 
amplifier. 

The  annular  pumped  volume  of  each  power  am¬ 
plifier  is  ionized  by  a  radial  beam  of  high- 
energy  electrons  produced  in  a  central  electron 
gun.  Details  of  other  aspects  of  the  power  am¬ 
plifier  and  the  Antares  project  are  given  else¬ 
where  in  these  proceedings. 

IK  -  14.68  x  10'6  [V,  -  (1  -  T) I 
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The  electron-gun  design  is  governed  by  sev¬ 
eral  constraints.  First,  the  electrons  must  have 
sufficient  energy  to  penetrate  the  electron-gun 
window  and  the  gas  volume  of  laser  gas  between 
the  windows  and  the  power  amplifier  anode.  For 
the  range  of  operating  pressures  being  considered 
for  Antares,  electrons  having  energy  between  4CC- 
and  550  keV  are  required. 

The  second  requirement  is  that  the  electron 

gun  deliver  a  beam  having  uniform  current  density 
2 

between  50  and  100  mA/cm  and  lasting  for  5  us. 
This  current  density  produces  the  required  imped¬ 
ance  in  the  gas  for  the  main  discharge. 

A  third  constraint  is  that  the  spacing  be¬ 
tween  anode  and  cathode  must  be  sufficient  to 
prevent  vacuum  breakdown. 

Antares  Electron-Gun  Design 

The  solution  to  these  constraints  chosen  for 
Antares  is  a  cold-cathode,  grid-controlled  elec¬ 
tron  gun  having  a  cylindrical  geometry  as  shown 
in  Fig.l.  The  cathode  consists  of  48  blades  of 
12.7-pm-thick  tantalum  foil,  each  0.76-m  long, 
arranged  in  12  rows  of  4  blades,  1  blade  opposite 
the  center  of  each  window.  An  alternate  design 
being  considered  is  a  spark  cathode  designed  by 
G.  Lode  of  Systems,  Science  ana  bortware  (SJ) 
of  Hayward,  California. 

The  grid,  consisting  of  an  80S  transmitting 
stainless  steel  mesh,  is  self-biased  by  current 
flowing  from  the  grid  through  a  resistor  to 
ground.  The  space  charged  limited  current,  IK, 
for  this  geometry  is  given  by:* 


(1) 
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where 

'/j.  is  the  cathode  voltage 
T  li  the  grid  transparency 
}?5  Is  the  grid  resistance 
l  is  the  length  of  the  cathode 
r^  is  the  radius  of  the  grid 

and  a  is  a  function  of  *g/rc,  with  rc  the 
cathode  radius. 

There  are  28  windows  in  each  electron  gun, 
each  0.76  a  x  0.25  a  in  site.  Each  window  con¬ 
sists  r'  a  hitachi  support  structure  covered  by 
a  window  of  0.050-em-thick  titanium  foil  glued 
to  a  0.9-mm-thick  stainless  steel  rip-stop  grid. 
The  grid  prevents  damage  to  the  interior  of  the 
electron  gun  in  case  of  window  failure  by  limit¬ 
ing  the  site  of  tne  rupture  and  thus  the  rate  of 
rise  of  the  internal  pressure. 

There  are  several  advantages  of  the  grid- 
controlled  electron  gun  over  the  simpler  diode 
geometry.  First,  the  gun  current  can  be  con¬ 
trolled  independently  of  the  gun  voltage  and 
cathode-anode  spacing.  A  diode  electron  gun 
setting  the  Antares  requirements  would  either  be 
uneconomical ly  large  or  would  produce  consider¬ 
ably  more  current  than  desired  for  ionizing  the 
gas.  Higher  currents  lead  to  shortened  cathode 
and  window  lifetimes.  The  lower  current  of  the 
grid-controlled  gun  also  reduces  the  size  of  the 
high-voltage  pulser  required  and  reduces  magnetic 
effects  on  the  electron  beam. 

A  second  advantage  is  the  current  stabiliza¬ 
tion  produced  by  the  self-biased  grid.  This  sta¬ 
bilizing  effect  certainly  occurs  for  an  ideal 
grid  which  does  not  show  secondary  emission.  But 
it  is  also  true  that  as  long  as  the  number  of 
secondary  electrons  emitted  from  the  grid  surface 
for  each  primary  incident  is  less  than  1.0  the 
grid  acts  to  stabilize  the  gun. 

Prototype  Results 

In  order  to  evaluate  many  aspects  of  the  An¬ 
tares  design,  a  prototype  power  amplifier  was 
constructed.  Design  details  and  initial  measure¬ 
ments  wnch  confirmed  the  Antares  design  concept 


2 

have  been  reported  by  leland.  After  those  tests 
were  completed,  it  was  decided  to  make  a  series 
of  measurements  to  more  fully  characterize  the 
electron  gun. 

One  problem  which  was  addressed  is  the  con¬ 
trol  of  vacuum  breakdown.  In  the  measurements 
reported  by  it  land*  the  cathode  was  shorted  by  a 
crowbar  gap  after  3  ps>  Even  under  these  condi¬ 
tions,  occasional  cases  of  runaway  cathode  cur¬ 
rent  were  observed,  [hiring  the  period  of  these 
measurements,  the  silicon-based  diffusion  pump 
oil  (Dew  Corning  704}  was  deliberately  allowed 
to  backstrcaa  into  the  electron  gun  in  order  to 
suppress  secondary  emission  from  the  grid.  In 
this  case  the  operation  of  the  electron  gun  was 
in  general  agreement  with  the  predictions  of  the 
space  charge  equation. 

One  of  the  goals  of  the  present  investigation 
was  to  eliminate  the  crowbar  gap,  thus  simplify¬ 
ing  the  electron-gun  pulser  and  improving  its  re¬ 
liability.  The  electron  gun  must  thus  be  capable 
of  holding  off  the  high  voltage  for  a  longer 
period  of  time  without  breakdown. 

At  the  beginning  of  the  present  set  of  meas¬ 
urements  the  diffusion  pump  was  drained,  cleaned 
and  refilled  with  a  carbon-based  pump  oil  ICon- 
voil  20).  Once  again,  the  pump  oil  was  allowed 
to  backstream  into  the  electron  gun.  Two  results 
were  observed  after  this  change.  First,  both  the 
frequency  and  severity  of  breakdown  increased. 
Upon  later  disassembly  of  the  gun,  several  burn 
spots  were  seen  on  the  cathode,  grid,  and  anode. 

The  second  result  was  observation  of  anomalous 
grid  current  measurements,  though  the  cathode 
current  agreed  with  that  predicted  by  Eq.  (1). 

We  next  disassembled  the  gun,  carefully 
cleaned  each  part  with  solvent,  and  reassembled 
it,  taking  care  to  maintain  cleanliness.  The 
vacuum  system  was  operated  with  a  liquid  cbld 
trap  and  a  larger  backing  pump  to  prevent  oil 
backstreaming.  Other  changes  included  the  addi¬ 
tion  of  corona  rings  to  the  cathode  assembly  to 
shield  areas  of  unwanted  field  enhancement. 

The  most  significant  improvement  made  by  this 
investigation  has  been  the  development  of  a  grid 
conditioning  technique  consisting  of  first  shorting 
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the  grid  to  the  cathode  and  then  pulsing  the  grid 
using  the  electron-gun  pulser.  The  series  begins 
at  low  voltage  (<-3GOkV)  and  increases  in  50-kV 
steps  until  oscilloscope  traces  show  an  Increase 
of  grid  emission.  The  voltage  is  then  reduced 
until  the  excess  emission  ceases  and  the  gun  is 
operated  for  S  to  10  shots.  The  gun  voltage  is 
then  increased  15-20  kY  and  the  gun  is  operated 
until  were  is  no  excess  emission  for  5  to  10 
shots.  This  process  is  repeated  until  a  voltage 
is  reached  at  which  less  than  half  of  the  shots 
show  no  increase  of  emission.  In  the  prototype 
power  amplifier  this  voltage  is  usually  between 
-500  and  -600  kV,  which  is  above  the  working 
voltage  of  the  grid.  The  short  is  then  removed 
and  the  gun  is  ready  for  operation. 

The  result  of  the  cleaning,  improved  vacuum, 
and  grid  conditioning  is  a  greatly  reduced  prob¬ 
ability  of  breakdown.  We  occasionally  see  an  in¬ 
crease  in  cathode  current,  but  it  almost  always 
returns  to  normal  after  a  few  microseconds  indi¬ 
cating  that  the  grid  is  retaining  control.  Those 
pulses  showing  enhanced  grid  emission,  usually  do 
so  only  after  approx.  4  ps  and  thus,  since  the 
laser  energy  extraction  occurs  before  this  time, 
have  no  effect  on  the  operation  of  the  power 
amplifier. 

A  second  result  is  an  increase  of  cathode 
current  over  that  predicted  by  Eq.  (1).  This  ef¬ 
fect  can  be,  at  least  partially,  explained  by  an 

observed  increase  in  grid  emission.  This  effect 
2 

was  not  seen  by  Leland  and  is  possibly  a  result 
of  the  loss  of  inhibiting  properties  provided  by 
the  silicon  pump  oil  which  was  used  for  his 
measurements. 

Figure  2  shows  the  measured  and  calculated 
gun  impedance  as  a  function  of  time  during  one 
shot.  Two  calculated  impedances  are  shown,  one 
assuming  the  grid  transparency  is  the  geometrictl 
value  of  80S  and  the  other  using  the  measured 
transparency,  T  *  1  -  At"  present,  we 

do  not  have  a  satisfactory  explanation  for  the 
discrepancy;  however,  it  does  not  have  any  ad¬ 
verse  effect  on  the  operation  of  the  electron 
gun. 


In  order  to  achieve  uniform  pumping  in  the 
laser  gas  the  intensity  of  the  electron  beam 
should  be  independent  of  position  on  the  window. 
Using  rectangular  Faraday  cups  of  size  3.8  cm  x 
25.4  cm  we  have  measured  the  current  density  at 
several  points  on  the  window  and  found  that  at 
the  edge  it  decreases  to  not  less  than  80S  of  tne 
center  value. 

Discussion 

Several  results  have  come  from  the  prototype 
study  which  will  be  applied  to  the  Antares  elec¬ 
tron  gun.  Since  the  probability  of  excess  emis¬ 
sion  and  breakdown  depends  on  the  emitter  area, 
these  problems  can  be  expected  to  be  worse  in 
Antares.  Thus,  the  grid  conditioning  technique 
and  our  improved  understanding  of  the  role  of  the 
grid  in  controlling  breakdown  is  significant. 
Other  prototype  results  give  us  confidence  that 
the  requirements  for  the  Antares  electron  gun  can 
be  met  by  the  present  design. 
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Abstract 

The  overall  design  of  the  Antares  laser  power 
amplifier  Is  discussed.  The  power  amplifier  Is 
the  last  stage  of  amplification  in  the  100-kJ 
Antares  laser.  In  the  power  amplifier  a  single, 
cylindrical,  grid-controlled  cold-cathode,  elec¬ 
tron  gun  Is  surrounded  by  12  large-aperture  C02 
electron-beam  sustained  laser  discharge  sectors. 

Each  power  amplifier  will  deliver  18  kO  and  the 
six  modules  used  in  Antares  will  produce  the  re¬ 
quired  100  kJ  for  delivery  to  the  target.  A 
large-scale  Interaction  between  optical,  mechan¬ 
ical,  and  electrical  disciplines  Is  required  to 
meet  the  design  objectives.  Significant  compu- 
nent  advances  required  by  the  power  amplifier 
design  are  discussed. 

Introduction 

The  Antares  laser  Is  under  construction  at 
the  Los  Alamos  Scientific  Laboratory  (LASL). 
This  Is  a  large  (100-kJ)  C02  laser  for  the  Iner¬ 
tial  confinement  fusion  program.  The  power  am¬ 
plifier  (Figs.  1  and  2)  is  the  last  stage  of 
amplification  In  the  optical  chain.  A  cylindri¬ 
cal  cold-cathode,  grid-controlled  electron  gun  is 
utilized  to  Ionize  the  laser  gas  In  the  annulus 
surrounding  the  gun.  Each  power  amplifier  oper¬ 
ates  at  1800  torr  of  1 :4 : :C0g  laser  gas  and 
requires  approximately  1  HO  of  stored  electrical 
energy  at  an  operating  voltage  of  550  kV.  An 
Input  light  energy  of  less  than  100  J  is  ampli¬ 
fied  In  two  passes  through  the  power  amplifier 
to  an  output  energy  of  IS  kJ.  Six  power  ampli- 
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flers  operating  in  parallel  are  required  to  pro¬ 
duce  the  100-kO  output  for  the  fusion  targets. 

This  paper  discusses  features  of  the  power 
amplifier  optical,  mechanical,  and  electrical 
design,  and  their  problem  areas  and  solutions. 

Optical  Design* 

A  15-cm-dlameter  annular  Input  beam  with  an 
energy  of  less  than  100  0  Is  delivered  to  each 
power  amplifier  from  the  driver  amplifier  in  the 
front  end.  It  passes  Into  the  vacuum  section 
through  a  22-cm-diameter  salt  window.  This  Input 
beam  Is  divided  by  a  central  polyhedron  beam 
splitter  into  12  segments  which  are  directed 
radially  outward.  Each  of  the  12  beams  Is  re¬ 
flected  to  a  three-mirror  corner  cube  which  is 
used  to  adjust  individual  path  lengths  to  obtain 
pulse  synchronization.  From  the  corner  cube  the 
light  passes  to  a  focus  mirror  thc.i  through  a 
spatial  filter.  The  beam  enters  .the  pressure 
vessel  section  through  a  12.7-cm-dlameter  salt 
window,  then  through  a  group  of  four  relay  mir¬ 
rors  to  the  first  amplifying  section.  The  ap¬ 
proximately  2.5-cm  trapezoidal  beam  makes  a  first 
diverging  pass  through  the  four  pumped  regions 
to  the  back-reflector  mirror  where  it  Is  re¬ 
flected  for  a  second,  near-collimated,  pass 
through  the  amplifying  sections.  At  the  output 
of  the  pressure  vessel  the  beam  is  transmitted 
through  a  45-cm-dlameter  salt  window  to  the  two 
mirror  periscope  sections.  Because  of  the  radial 
geometry  of  the  power  amplifier,  each  amplifying 
sector,  and  therefore  each  beam,  is  a  segment  of 
an  annulus.  The  periscope  compresses  the  radius 
of  the  annular  12-sector  beam  array  exiting  the 
power  amplifier  to  reduce  the  dimensions  required 
downstream  In  the  turning  and  target  chambers. 


266 


The  power  amplifier  design  Is  primarily  dic- 

2 

tated  by  optical  requirements.  The  damage 

threshold  for  the  transmitting  windows  limits  the 
o 

flu*  to  about  2  J/cm  average  energy  density 
for  the  nanosecond  pulses.  This  average  density 
provides  an  allowance  for  hot  spots  due  to  dif¬ 
fraction  and  non-uniform  gain.  The  window  damage 
limitation  combined  with  state-of-the-art  limits 
on  window  size  means  that  the  laser  must  exit 
through  multiple  output  windows.  For  Antares 
this  results  In  12  windows  per  power  amplifier, 
or  72  total  output  windows  in  the  system. 

An  intensive  development  program  at  Harshaw 
Chemical  Company,  funded  by  IASI,  has  produced 
optical  grade  salt  windows  up  to  45-cm  diameter.3 
The  windows  are  3.9-cm  thick  to  withstand  the 
3-ataosphere  pressure  differential.  Each  window 
is  mounted  between  two  Vlton  0-rings  to  provide 
a  positive  seal  for  both  the  3-atmosphercs  .trea¬ 
sure  operating  condition  and  the  O.l-torr  vacuum 
when  the  laser  gas  is  exchanged. 

Anotner  development  program,  at  the  Y-12 
Plant  of  the  Union  Carbide  Corp.  in  Oak  Ridge, 
Tennessee,  has  produced  the  large  mirrors  used 
in  the  power  amplifier  (Fig.  3).  Over  200  of 
these  large  mirrors  are  used  in  the  power  ampli¬ 
fiers.  These  mirrors  utilize  an  aluminum  sub- 
stme  plated  with  a  1 -nr. -thick  copper  coating. 
The  optical  surface  is  produced  by  single-point 
diamond-turning  (SPOT).  Eoth  flats  and  weak 
spherical  mirrors  are  produced  for  the  power  aa.- 
plifier.  This  technology  provides  an  optical 
finish  on  odd-shaped  mirrors  at  a  reasonable  cost 
as  well  as  resulting  in  a  higher  damage  threshold 
than  conventionally  polished  mirrors. 

Antiparasitic  coatings  such  as  LiF  and  FejO^ 
have  been  developed  which  are  highly  absorptive 
at  10.6  pm.  These  coatings  will  be  used  within 
the  power  amplifier  to  help  eliminate  harmful 
parasitics.  Provision  has  been  made  in  the  power 
amplifier  design  for  a  saturable  absorber  cell  to 
further  reduce  parasitics  if  necessary. 

Mechanical 

A  number  of  difficult  mechanical  assemblies 
are  required  in  the  power  amplifier.  The  pres¬ 


sure  vessel  must  o.erate  at  3  atmospheres  with  a 
1.65-m  opening  at  one  end  for  the  electron  gun 
and  12  openings,  each  AS  cm  in  diameter  at  the 
other  end  for  the  salt  windows.  Finite  element 
analysis  was  utilized  in  the  design  of  these  com¬ 
plex  elements  to  ensure  adequate  safety  factors. 
The  material  is  ASTM  516  Grade  70  pressure  vessel 
carbon  steel  and  was  chosen  because  of  good  per¬ 
formance,  dimensional  stability,  and  low  cost. 

The  electron-gun  vacuum  vessel  is  also  made 
from  ASTM  516  steel.  This  unit  (Fig,  2)  is 

1.65  m  in  diameter  and  7.7  m  long.  The  vessel 
wall  is  penetrated  ay  48  openings  for  the  elec¬ 
tron  beams.  Each  electron  window  opening  is 
75  cm  by  25  cm  with  0.3-ca  wide  hibachi  ribs 
spaced  on  6.3-cm  centers  down  the  length  for  win¬ 
dow  and  shell  support.  The  vacuum  vessel  is  con¬ 
structed  from  four  finish  machined  cylinders  each 

1.65  m  in  diameter,  1.9  m  long,  with  a  5-ca-thick 
wall.  These  cylinders  are  Joined  together  using 
pulse-arc  welding  to  give  very  low  weld  distor¬ 
tion,  thus  requiring  no  further  machining  after 
the  welding. 

The  hibachi  window  openings  are  covered  with 
2 -mil-thick  titanium  foil  which  allows  the  elec¬ 
tron-beam  to  pass  through  and  also  provides  the 
vacuum  seal.  The  foil  is  attached  to  a  punched- 
aetal  backing  grid  to  form  a  rip-stop  which  pre¬ 
vents  catastrophic  window  failure.  Inserting  and 
removing  the  electron  gun  posed  a  difficult  mech¬ 
anical  problem.  The  solution  was  to  develop 
special-shaped  air  bearings  to  fit  the  small 
space  allowed,  yet  provide  a  reliable  method  for 
sliding  the  gun  in  and  out  of  the  pressure  vessel 
with  a  minimum  of  force. 

Electrical 

The  derivation  of  the  power  amplifier  elec¬ 
trical  parameters  has  been  discussed  previously.4 
The  electrical  problems  in  the  power  amplifier 
involve  the  anode,  anode  bushings,  high-voltage 
cable,  and  the  electron-gun  design,  including  gun 
support  bushings  and  electrical  feed. 

The  high-voltage  cables  connect  the  gas 
pulser  energy  storage  to  the  power  amplifier. 
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Th«se  cables  Bust  withstand  550-bV  pulses  during 
operating  conditions,  and  could  see  a  voltage  as 
high  as  1  MV  during  fault  conditions,  e.g.,  when 
the  electron-gun  pulser  does  not  cperate.  A 
fault  protection  gap  has  been  designed  for  the 
power  amplifier  in  an  attempt  to  limit  the  peak 
voltage  to  <8CO  kV  curing  fault  conditions. 

A  number  of  utility  cables  were  tested  for 
this  duty  and  only  dry-cure  polyethylene  cables 
rated  for  at  least  H5-kYac  proved  adequate.  The 
outer  seniconductive  corona  shield  of  the  cable 
is  used  to  grade  the  field  distribution  at  the 
cable  termination.  These  cables  are  about  7.5  cm 
in  diameter.  During  the  test  program  the  cables 
were  subjected  to  over  6000  shots  at  BOO  kV  and 
survived  100  shots  at  1  MV. 

An  anode  bushing  was  successfully  tested  at 
voltages  up  to  1  MV.  This  bushing  uses  shaped 
electrodes  and  silicon-rubber  inserts  to  reduce 
the  peak  fields. 

The  cylindrical  cold-cathode  electron-gun 
concept  was  developed  and  tested  in  a  full-scale 
prototype  power  amplifier.3  This  prototype  unit 
is  presently  being  used  to  test  actual  Antares 
hardware  components  under  realistic  operating 
conditions. 
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for  LASL  Amtares  CO.,  baser  System,*  IASI 
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25-28,  1977. 
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Conclusion 

This  paper  has  presented  the  design  of  the 
Antares  power  amplifier  and  has  discussed  some 
of  the  key  components.  A  number  of  problem  areas 
and  solutions  were  described. 
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Fig.  1.  The  Antares  Power  Amplifier. 
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Abstract 

Several  later  systems  excited  by  electron  beta 
have  been  identified  at  candidates  for  pump 
acurcea  for  later  fusion  applications.  The  elec¬ 
tron  beta  generators  required  must  be  coapact, 
reliable  and  capable  of  synchronisation  with 
other  systca  coaponenta.  A  KrF  laser,  designated 
the  A  amplifier,  producing  a  ainiaua  output  of 
2S  J  was  needed  for  the  KA2IER  {Rattan  Amplifier 
f taped  by  Intensified  txciaer  Radiation)  system. 

A  double-sided  electron  beat  systea  was  designed 
and  constructed  specifically  for  this  purpose  and 
has  produced  >35  J  of  KrF  output.  Each  of  the 
two  electron  beaa  aachints  in  the  systca  operates 
with  an  ras  jitter  of  0.4  ns  and  together  occupy 
3.5  b2  of  floor  space. 

System  Design 

The  choice  of  electron  energy  is  bounded  froa 
above  by  the  coabination  of  laser  madiue  composi- 
tion,  maximum  operating  pressure,  and  desired 
output  aperturt,  and  froa  below  by  anode  foil 
losses  and  the  desire  to  keep  the  systca  iapedance 
as  large  as  possible.  An  output  voltage  of  300  kV 
was  selected  as  a  reasonable  operating  point.  A 
Monte  Carlo  calculation  of  energy  deposition  was 
performed  for  a  10  x  10  ca  aperture  by  50  ca  long 
cell  filled  with  2  arm  of  a  aixture  of  96Z  argon 
and  42  krypton  gases.  The  cell  vat  bounded  on  two 
sides  by  13  u  chick  Havar  foils  and  chick  alwinum 
walls  on  the  remaining  sides.  The  calculation  in¬ 
dicated  chat  302  of  Che  energy  incident  on  the 
foil  it  deposited  in  the  laser  medium.  The 
spatial  distribution  of  energy  deposited  as 
viewed  in  the  plane  transverse  to  the  laser  axis 


is  shown  in  Fig.  1  for  evo  electron  beams  incident 
from  opposite  tides  of  the  volume.  Contours  of 
fqual  energy  deposited  par  unit  volume  are  plotted 
for  BOS  and  902  of  the  peak  value  demonstrating 
chat  pumping  it  uniform  to  within  £10?  of  the  mean 
over  nearly  the  entire  volume.  Allowing  for  a  202 
lost  to  the  anode  foil  support  structure  not  in¬ 
cluded  in  the  Monte  Carlo  calculation,  the  overall 
efficiency  from  the  electron  beam  diode  to  energy 
deposited  in  the  gas  Is  252,  Assuming  that  52  of 
the  deposited  energy  is  converted  to  later  output, 
500  J  mutt  be  deposited  requiring  1000  i  from  each 
electron  beam  which  for  a  60  ns  pulse  length 
implies  a  machine  impedance  of  about  5  O.  The 
diode  current  of  60  kA  results  in  a  current  densi¬ 
ty  of  120  A/on2  in  the  diode.  The  required 
impedance  and  pulse  length  made  a  pulse  charged 
water  dielectric  transmission  line  the  obvious 
choice  for  forming  the  output  pulse. 

t 

Since  the  A  amplifier  is  to  be  used  in  a  variety 
of  pulse  compression  and  scacking  schemes  involv¬ 
ing  synchronization  with  several  ocher  system  com¬ 
ponents,  timing  jitter  had  to  be  kept  to  an  abso¬ 
lute  minimue.  Thus  a  triggered  output  switch  was 
chosen  for  the  pulse  forming  line.  The  positive 
charged  Slumlein  configuration  was  selected  for 
the  pulse  forming  line  because  of  the  accessibili¬ 
ty  of  the  output  switch  for  triggering  and  because 
the  lower  charge  voltage  permitted  the  design  of  a 
more  compact  four  stage  400  kV  Harx  generator. 

The  Blumlein  itself  is  a  cylindrieally  symmetric 
triax  with  an  outer  diameter  of  36  cm.  Extensive 
msserical  calculations  of  electric  field  distribu¬ 
tions  in  the  output  svitch,  pulse  forming  line  ar.d 
diode  were  used  to  minimize  peak  electric  stress. 
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The  output  fwiceh  consists  of  two  annular  aaln 
electrodes  with  a  disc  shaped  midplan*  trigger 
electrode.  The  inttrcleecrod*  jap  la  1  cm  and  cp- 
aracaa  ae  300  kV  when  pressurised  with  100  pals  of 
SFg  gaa.  Th«  trigger  electrode  la  resistively 
blaaad  at  ona-half  the  chart*  voltage  and  ch* 
trigger  pulaa  la  coupled  to  It  through  an  oil- 
Inaulattd  ring  capacitor.  The  charge  currant  to 
the  intermediate  conductor  flow*  along  a  rod  which 
paaaea  through  thla  entire  assembly  a*  ah own  In 
Fig.  2. 

The  diode  Inaulator  la  a  flac  luclce  dlac  with  the 
Inner  and  outer  line  conductor*  ahapad  *o  that  the 
electric  field  line*  Mac  th*  Inaulator  aurface  at 
65*.  Th*  cathode  mounting  hardware  la  conatrueted 
of  IS  cm  dlaaeter  aluminum  pipe  houaad  In  a  cham¬ 
ber  aide  froei  22  cm  dlaaeter  Cubing  In  order  to 
alnlalse  diode  Inductance  eatlaatad  to  be  <30  nh. 
The  cathode  mounting  hardware  waa  pollahad  to 
panic  operation  without  apurloua  eeilaalon  at  th* 
raaulcing  US  kV/cm  electric  field*. 

Bliaslein  Teat* 

Th*  .Marx  generator,  pula*  fonlng  line,  and 
oucput  awlcch  were  ceated  and  characterlaed  prior 
to  the  completion  of  th*  diode  and  laaer  cell  de- 
iigna.  A  radial  copper  sulfate  load  realator  waa 
conatrueted  for  the  output  of  th*  line.  Th*  pula* 
ahap*  obtained  with  the  triggered  outpuc  twitch  la 
shown  in  Fig.  3.  Th*  riaecine  Indicate*  a  twitch 
inductance  of  12  nh  which  implies  chat  a  minimum 
of  two  current  carrying  channel*  are  fon«d  when 
th*  output  twitch  It  triggered. 

Obtaining  low  jitter  operation  of  th*  output 
twitch  waa  erucial  to  th*  tucceaa  of  ch*  A  aspli- 
fier  syscen.  A  trigger  generator  waa  conatrueted 
froa  barium  ticanace  captcicora  pula*  charged  from 
the  Steals  in  .Marx.  The**  capacitor*  were  dis¬ 
charged  by  an  over-voiced  spark  gap  into  a  4  a 
long  50  .»  cable.  Th*  pulse  amplitude  delivered  to 
a  50  load  resistor  was  -ISO  kV  with  a  10  n* 
nsecise  and  in  exponential  decay  giving  SO  ns 
FWLM.  After  characterisation  the  50  a  load  resis¬ 
tor  was  recoved  and  the  cable  connected  to  the 


coupling  capacitor  of  the  output  twitch  trigger 
electrode.  A  series  of  20  shots  were  fired  (on* 
prefired)  with  the  results  shown  in  Fig.  4.  The 
resulting  standard  deviation  of  th*  time  between 
th*  arrival  af  the  trigger  puls*  at  the  twitch  and 
th*  arrival  of  the  output  puls*  at  ch*  load  wat 
0.4  ns.  This  demonstrated  the  eapabiliciee  of  th* 
output  twitch  though  at  present  a  different  (them* 
ia  being  uied  to  trigger  the  system  aa  described 
below. 

Electron  team  Teatt 

Obtaining  uniform  Mission  from  a  cold  cathode  in 
electric  field*  <200  kV/cm  requires  acme  gross 
field  enhanceatenc.  A  hexagonal  atainlea*  steel 
honeycomb  material  waa  selected  for  th*  cathode. 
Th*  individual  cells  of  th*  material  are  3  mm 
across  and  are  made  of  73  u  thick  foil.  Electron 
pV'Sol*  image*  of  th*  cathode  indicate  thac  an 
average  of  3-4  emission  site*  are  created  at  each 
cell  resulting  in  acceptably  uniform  illumination 
of  the  anode  plane. 

Th*  two  nested  coaxial  cranimiialon  line*  which 
make  up  ch*  A  amplifier  Slumlein  are  charged  In 
aerie*  with  the  Innermost  line  charged  through  an 
Inductor  located  near  the  diode  Insulator.  During 
charging  th*  voltage  drop  aero**  this  Inductor 
also  appears  across  c<*.e  diode.  To  limit  this  pre¬ 
puls*  voltage,  the  charging  time  for  th*  line  was 
set  at  1  ysec,  the  value  of  thla  Inductor  reduced 
to  M.5  yh  and  a  100  il  resistor  placed  in  parallel 
with  th*  inductor.  This  combination  of  parameters 
results  in  a  voltage  swing  on  th*  cathode  from 
*35  kV  to  -20  kV  during  th*  charging  of  che  line. 
These  voltages  are  sufficiently  large  to  cause  un¬ 
wanted  emission  from  excessively  field  enhanced 
regions  of  ch*  diode.  To  concrol  this  emission 
which  can  lead  to  a  shorted  diode  by  che  time  che 
output  pulse  arrives,  the  foil  support  structure 
is  covered  with  an  alminized  Xapcon  foil  to 
shield  tc  from  tht  *35  kV  portion  of  the  prepulse 
electric  field  and  che  honeycomb  cathode  is  sur¬ 
rounded  by  a  stainless  sceel  band  to  reduce  the 
large  field  enhancement  at  the  cathode  eorner. 

Thla  combination  shown  in  Fig.  5  eliainaces 
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trillion  ia  she  diode  during  the  charging  of  the 
line. 

The  output  pulse  delivered  to  the  diode  is  shown 
ia  Tig.  4.  The  voltsge  pulse  which  differs  mark¬ 
edly  from  chi;  ohtiintd  with  «  resistive  Iced 
droops  principally  due  to  the  low  value  of  eharg- 
iag  inductincc  required  to  minimise  prepulse.  The 
inductor  end  resistor  ere  in  parsHel  with  the 
diode  during  the  output  pulse  snd  subtract  *150  J 
(121)  froa  the  available  energy.  Flaiaa  closure 
in  the  diode  also  contributes  to  the  voltage 
droop.  The  shorter  current  pulse  and  slower  cur¬ 
rent  risetiae  suggest  a  delay  in  forsation  of  the 
cathode  plasaa. 

The  characteristics  of  the  electron  bean  after 
passing  through  the  combination  of  anoda  foils  and 
support  structure  were  examined.  The  spatial  pro¬ 
files  of  the  beam  at  measured  with  a  film  dosime¬ 
ter  are  shown  in  Fig.  7.  The  beam  energy  meaaured 
with  a  carbon  calorimeter  was  4S0  s  50  J  for  each 
beam  which  is  consistent  with  the  amount  of  energy 
needed  to  produce  500  J  deposited  in  the  laser 
aedium. 


Triggering  5vst«ms 

The  initial  laser  experiments  require  only  that 
the  two  electron  beam  machines  fire  within  a  few 
nanoseconds  of  esch  ocher.  Rather  than  construct 
a  separate  trigger  generator,  the  scheme  shown  in 
Fig.  8(a)  was  used.  A  pair  of  50  n  cables  were 
pulse  charged  from  each  Marx.  Both  cables  were 
connected  to  a  single  spark  gap  located  midway 
beeveen  the  two  machines.  This  common  switch  op¬ 
erated  in  an  over-voiced  mode  shorting  both  cables 
and  simultaneously  producing  trigger  pulses  for 
both  machines.  The  rms  jiccer  for  this  system  has 
been  verified  as  <0.4  ns.*  More  recently  this 
common  gap  has  been  replaced  with  a  trigacron  gap 
which  is  triggered  by  a  pulse  formed  with  a  laser 
triggered  spark  gap.*  (Fig.  8(b))  The  overall 
standard  deviation  from  the  arrival  of  the  laser 
pulse  to  the  arrival  of  the  voltage  pulse  at  the 
diode  is  0.4  ns. 


Summary 

An  electron  beam  system  has  been  designed  and  con¬ 
structed  to  pump  a  KrF  laser  which  has  produced 
>35  J  of  optical  energy.  The  two  machines  which 
make  up  the  system  have  been  synchronised  with  each 
other  and  with  another  laser  system  with  a  measured 
rms  jitter  of  0.4  ns.  This  approach  should  permit 
the  construction  of  larger,  more  complex  electron 
beam  pumped  laser  systems  employing  pulse  stacking 
and  pulse  compression  techniques. 
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Abstract 

The  cable  pulse  forming  network  (FFM)  is  an  excel¬ 
lent  puap  for  transverse  discharge  Lasers.  The 
effect  of  load  characteristics  on  777!  design  is 
discussed  in  detail.  Experimental  results  are 
presented  for  a  rare  gas  halide  laser  puaped  by  a 
cable  7FS. 


where  T  and  ZQ  <-  the  one-way  transit  time  and 
the  characteristic,  impedance  of  the  cable  77!!. 
The  voltage  on  the  cable  can  f>e  approxiaacad  by 

Vc(c)  •  V«  (1-cos  «)  (2) 

where  the  ringing  frequency  is  calculated  fros 


Introduction 

Many  pulsed  laser  syscans  require  a  pump  capable  of 
depositing  the  stored  energy  in  a  time  comparable 
to  the  laser  pulsewldth.  For  rare  gas  halogen 
(TOO  systems  the  pulsewidths  are  typically  a  few 
tens  of  nanoseconds.  One  type  of  pulse  forming 
network  (777!)  very  well  suited  to  this  service  is 
the  co-axial  cable  77!!. 


In  order  to  design  s  777!  a  few  assumptions  have  to 
be  aade  about  the  load.  A  typical  transverse  dis¬ 
charge  RCH  laser  will  have  a  breakdown  voltage  of 
10  kV  and  an  impedance  of  1  ohm  or  less.  For  best 
laser  performance  the  voltage  on  the  laser  should 
have  a  rate  of  rise  (dV/dt)  of  500  7/nsec  or  great¬ 
er.  The  load  inductance  including  connections  to 
the  77!!  muse  be  kept  low  (<  10  nH)  in  order  to 
deliver  the  stored  energy  in  30  nsec. 


The  cable  FFS  shown  in  Fig.  1  seats  these  require- 
sents  quite  well.  The  storage  capacitor  C  is 
initially  charged  to  a  voltage  Vq.  On  closure  of 
the  triggered  spark  gap  switch  S,  the  cable  77N 
begins  charging  through  the  interconnection  induct¬ 
ance  Lj.  For  charging  rises  sosewhac  longer  than 
the  electrical  length  of  the  cables,  the  777!  can 
be  treated  as  a  single  capacitor  (Ce)  of  vslue 


C 


c 


Z 


o 


-vT71 


(3) 


where  L^  Is  the  Inductance  of  the  driver  and  the 
equivalent  series  capacitance  is  expressed  by 


C,Cc 

VCc 


(4) 


where  C(  is  the  capacitance  of  the  storage  capaci¬ 
tor  and  C(  is  the  cable  capacitance.  Since  the 
charge  divides  between  series  capacitors,  the  peak 
voltage  is  expressed  by  the  formula 


Vm  -  V  (7-  vV  -)  (S) 

0  cf  +  cc 

where  V  is  the  initial  voltage  on  the  storage 
capacitor.  It  is  worth  noting  that  if  Cf  »  Cc< 
the  ringing  frequency  is  determined  by  primarily 
C.  and  L^.  Also,  if  the  voltage  is  allowed  to 
ring  to  its  full  peak  value  (ur  -  r  radians)  the 
voltage  will  nearly  double.  The  time  rate  of 
change  of  voltage  on  the  cables  can  be  found  by 
taking  the  derivative  of  equation  (2)  and  is 
expressed  as 


dV  „  , 

•7—  -  V  u  sin  uic 
dt  r. 


(6) 


which  can  be  used  to  find  the  current  in  the  switch. 


(7) 


(1) 


When  the  laser  reaches  breakdown  the  load  current 
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util  b«  approximately 

t,  -  (I?n,  *  t,l  U  -  (8) 

where  L^  la  che  load  induecanea,  is  che  load 
resistance,  and  cha  curranc  dua  co  cha  FFN  la 

l™-y$r}  h -«'-«]  « 

uhaca  V^j  la  cha  breakdown  volcaga  and  Cha  unit 
step  functions  specify  a  rectangular  pulaa  of 
uldch  2?. 

Experimental  Results 

Savacal  FFNs  of  chla  cypa  hava  baan  uaad  ac  LASL 
uieh  axcallanc  raaulca.  Tha  following  daca  are 
taken  from  ona  typical  laaar  system.  Tha  laaar 
discharge  croaa  a  act  ion  1*  12  mm  x  19  aa  which 
results  in  a  139  ca^  volume  ovar  cha  0.6  *  alacc- 
roda  length.  A  gas  six  of  3.03  corr  F-,  S3  corr 
Kr,  and  3130  corr  Ha  waa  uaad.  Tha  FW  conaiacad 
of  48  parallai  coaxial  cablaa  (Essex  40/100)  of 
2.44  aa  length.  Thia  raaulca  in  an  impedance 
(2q)  of  0.63  ohms  and  a  ona-way  cranaic  clae  (t) 
of  IS  naac.  Laaar  lnduceanca  waa  estimated  ac  8 
nil.  Tha  alaccrical  drivar  waa  a  cwo-acage  itarx 
generator  having  a  capacicanca  of  130  nF  par 
stage  chargad  co  43  ‘<V  DC.  Tha  induecanea  of  cha 
drivar  (L^)  waa  calculacad  ac  273  nK. 

Tha  resulting  volcaga  and  curranc  uavafona  ara 
I  hour,  in  Fig.  2.  Tha  volcaga  rlsaa  co  42  kV 
breakdown  in  30  nsec.  Ac  chac  cine  cha  curranc 
begins  co  flow  and  reaches  62  kA  in  36  nsac. 

Figure  3  shows  cha  rasulcanc  power  and  energy 
curves.  Fewer  is  calculaced  froa  Cha  inscancan- 
eous  produce  of  volcaga  and  current,  and  energy 
is  cha  cine  integral  of  cha  power.  The  raclo  of 
voltage  co  current  provides  cha  cine  varying 
impedance  shown  in  Fig.  4.  The  power  delivered 
by  cha  FF!«  is  1.3  x  10^  W  in  a  32  nsec  FWHM  pulsa. 
This  results  in  an  energy  daposicion  of  40  J 
during  the  pulse.  Tha  laser  delivered  an  energy 
of  330  mJ  per  pulse  in  chis  configuration.  Tha 
laser  impedance  during  cha  pulse  varies  froa 
infinico  (jusc  before  breakdown)  co  near  zero 
Ac  the  end  of  che  pulse,  which  is  probably  che 
result  of  an  arc. 


A  considerable  effort  has  baan  devoted  co  scudylng 
Cha  cine  varying  raalscance  and  les  efface  on  FFN 
design,  buc  cha  rasulcs  ara  outside  cha  scope  of 
chis  paper. 

Su—arv  and  Dlscusalon 

Tha  cable  discharge  FFtf  has  baan  discussed  in 
detail,  both  in  che  charging  and  discharging  nodes 
of  operation.  Experimental  results  presented  show 
chis  cypa  of  FFH  is  wall  suited  co  cha  generation 
of  SNilCl-glgawacc  pulaaa  In  low  lapadanca  loada, 
even  whan  che  Impedance  variaa  with  cine.  Experi¬ 
ments  ara  In  progress  aa  LASL  co  design  lower 
impedance  higher  power  pFNs  capable  of  pumping 
RGH  laaara. 

*Uork  performed  under  cha  auspices  of  cha  US  DOE 


Figure  1.  Scheaacic  of  Cable  PFS 
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12.1 

IXVITED 

TRIDENT  -  A  XECAVOLT  WISE  GEXEUATO*  US  INC  INDUCTIVE  EXEXGT  STORAGE 

D.  Conte,  X.  D.  Ford,  M.  H.  Lupcon,  l.  X.  Vltkoviciky 

.  Naval  Research  Laboratory 
Washington,  D.C.  20375 

KfJUSMi 

A  megavolc  laval  pulse  generator,  TRIDENT,  haa  baan  la  the  opening  twitch.  Our  approach  to  chii  problem 

coni true tad  utilizing  aa  induetivo  atora  aa  tha  haa  been  to  bagin  with  thoaa  type*  of  awitchaa  which 

primary  pulsa  forming  davica.  Tha  2.5  Ml  coaxial  hava  axhibltad  tha  aoat  promising  charactarlstlca 

atoraga  Inductor  can  ba  anargizad  with  up  to  500  kA  (a.g.  o pacing  tlmee,  high  currant  capabilities, 

obtained  fron  a  500  kJ,  60  kV  capacitor  bank.  rapid  high  hold-off  recovery,  low  loss,  ate.)  with 

Currant  interruption  la  accomplished  using  a  three  respect  to  tna  present  state  of  technology.  The 

stage  opening  switch  comprised  of  an  explosively  results  of  this  work  indicated  that  an  affective 

actuated  switch  in  parallel  with  foil  and  wire  fuses,  opening  switch  could  ba  designed  by  paralleling  ex- 
The  generator  haa  baan  operated  at  the  610  kA  charge  ploelvely  actuated  --itches  with  foil  and  wire  fuses, 
level  (70Z  energy)  to.produce  700  kV  pulses  with  As  a  demons t ration  of  ehla  switching  scheme,  the 

risetiaes  of  150  nsec.  Energy  has  been  deposited  ^TRIDENT  pulse  generator  was  designed  and  fabricated, 
into  a  7.5  ?,  resistive  load  at  a  rata  of  5  x  1010W.  The  goals  of  this  experimentiil  pulse  generator  were 
Operation  with  optimized  fuse  dimensions  and  at  full  to  demonstrate  megavolt  capabilities  at  500  kA  current 

charge  is  anticipated  to  approach  megavolt  outputs  levels  with  100  nsec  rlsetlnas  while  delivering  a  few 

at  powers  of  1011  U.  Tucure  experiments  include  tens  of  kilojoules  to  a  resistive  load.  The  remain- 

utilizing  a  homopolar  generator  as  tha  current  source,  der  of  this  psper  describes  the  switching  schema,  the 

design  of  the  pulsar,  operation  to  date,  and  future 
experimental  plans. 

Introduction 

The  development  of  high  power  pulsa  generators  using 

capacitive  energy  storage  has  achieved  levels  of  tens  Three  Stsee  Ooenins  Switch 

«j  ~11  ~  '  ' 

of  cerawacts  at  energies  of  a  few  aa ga joules.  '"  The  The  three  stage  opening  switch  was  developed  espe- 

r.exc  generation  of  experiments  to  be  performed  using  dally  to  be  compatible  with  the  slow  risatimes 

pulse  power  technology  will  require  energies  of  (seconds)  typical  of  homopolar  generators,  but  yet 

several  tens  of  aegajoules.  The  combination  of  size,  retain  the  fast  opening  potential  (10' s  of  noecs) 
complexity ,  cost,  and,  in  some  cases,  limitation  of  of  wire  fuses.  A  schematic  diagram  of  the  three 
electrical  parameters  of  such  machines  is  prohib-  stage  switch  circuit  is  shown  in  Fig.  1.  The  first 

itive.  In  anticipation  of  this  requirement,  XRL  stage  of  this  switch  is  an  explosively  actuated 

has  undertaken  a  program  to  develop  compact  indue-  svltch.  This  switch  has  been  described  in  detail 
tive  energy  storage  pulsa  generators  which  utilize  elsewhere.5,6  Briefly,  it  consists  of  a  thick  wall 
inertial  energy  stores,  i.e.  homopolar  generators,5'"  aluminum  tube  which  acts  as  a  current  conductor, 
as  the  primary  energy  source.  Sharp  edged  rings  (cutters)  and  full  radiused  rings 

(benders)  are  alternately  placed  around  the  tube  and 

As  recognized  in  every  previoua  experimenc  applying  spaced  using  polyachylent  insulators.  A  length  of 
inductive  energy  storage,  the  major  component  problem  primer  cord  is  placed  along  the  axis  of  the  cube  and 
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Fig.  1.  Seheaacie  diagram  of  the  TX.IDEST  inductive 
storage  pula*  generator. 

the  tub*  is  ch*n  filled  with  paraffin.  Detonation 
of  ch*  primer  cord  by  an  exploding  bridgewirs  deton¬ 
ator  forces  the  paraffin  against  the  tub*  which  is 
then  severed  clrcuaferentlally  by  the  cutting  rings 
and  folded  around  th*  bending  rings.  For  operation 
in  water,  th*  region  immediately  adjacent  to  th* 
bending  rings  is  filled  with  styrofoam  to  exclude 
ch*  water  and  thus  provide  a  compressible  medium  into 
which  the  severed  aluminua  rings  can  be  driven.  Each 
gap  generates  an  arc  voltage  of  200-700  V,  dapending 
on  the  current  carried,  with  a  riser 1m  of  approxi¬ 
mately  20  usee  (opening  time) .  Th*  outstanding 
characteristic  of  this  switch  is  its  low  loss  in  Che 
conducting  scat*.  This  feature  allows  the  storage 
inductor  to  be  charged  at  relatively  slow  races. 

Its  slow  opening  tiae  and  relatively  low  resistance 
in  the  open  scat*  are  the  reasons  chat  -.uceeeding 
stages  are  required  for  high  voltage,  fasc  puls* 
applications.  If  this  switch  is  to  be  operated  in 
high  voltage  applications,  current  anise  be  coemu- 
cated  away  from  th*  switch  for  a  tiae  period  of 
40-50  usee  before  any  high  voltage  is  applied. 

During  this  interval  th*  switch  has  recovered  to  a 
hold-off  level  of  10  kV/cm. 

Commutation  for  this  interval  has  been  accomplished 
with  fuse  eleatnes  chosen  with  appropriate  cross 
sections.  The  majority  of  our  work  has  eaployed 
water  tamped  aluminum  foil  fuses  for  this  element. 
Fuses  with  this  duration  time  to  explosion  generate 
maximum  voltages  of  6  kV  per  cm  length  of  fuse. 
Current  interruption  times  for  these  fuses  range 
from  3  to  5  usee.  These  times  are  still  coo  slow 


for  many  applications  and,  in  order  to  achieve  the 
high  voltages,  the  mass  of  the  fuse  material  to  be 
vaporised  accounts  for  a  significant  amount  of  sys¬ 
tem  energy. 


The  100  nsec  risetlme,  high  voltage  pulses  can  be 
generated  by  commutating  the  current  from  the  foil 
with  another  fu*e  eleaent  uich  *  small  cross  section 
designed  in  explode  is  the  microsecond  time  range. 
Theae  faac  f“*ea  ran  generate  aelf-fleld  acraaatc 
approaching  2u  V/tr  without  reatrika.  boat  of  the 
work  at  hTH  haa  employed  wire  fuses  for  this  element. 
Copper  wires  have  been  used  over  aluminum  virea 
mainly  becaua*  of  th*  fragile  nature  of  .'luminum 
wires.  Ideally,  wires  of  minimum  mass  should  !•* 
used,  however,  the  actual  cross  section  necessary 
is  dependent  on  th*  recovery  characteristic  of  the 
■lower  preceding  foil  fuse.  A  small  scale  experi¬ 
ment  conducted  at  th*  10  kA  level  using  a  two  stag* 
foil  and  wire  fuse  arrangement  has  produced  th*  foil 
fuse  recovery  characteristic  shown  in  Fig.  2,  Th* 
C/o  curves  ware  for  coeesucacion  out  of  th*  foil  in 
the  3  and  A  kV/cm  self  straa*  rang*  because  ac  lower 
fields  the  fust  is  not  completely  vaporized  and  at 
higher  fields  unnecessary  energy  dissipation  occurs. 
The  significant  feature  of  this  data  is  chat  afeer 
2  litac  of  comaucecion  ch*  foil  fuse  can  withstand 
electric  fields  of  20  to  25  kV/ca  without  reatrik*. 
The  reason  for  the  decrease  in  th*  rscovery  charac¬ 
teristic  ac  times  out  to  10  paec  is  not  understood, 


mu  Mcovtnr  cumacti  muc 


Fig.  2.  Foil  fuse  high  voltsgc  recovery  charac¬ 
teristic. 
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but  iua  noc  been  pursued  because  chase  longer  times 
act  presently  not  o f  interest.  The  factor  of  six 
gained  in  hold-off  electric  'laid  over  the  aalf 
generated  electric  field  matches,  by  coincidence, 
the  factor  of  alx  In  voltage  multiplication  typically 
aeaaured  f roe  the  vlre  fuae  in  our  tv©  stage  switch¬ 
ing  experimental  This  rapid  recovery  to  a  high 
hold-off  voltage  Binimize*  the  volume  of  both  foil 
and  wire  fuses  required  and  hence  minimizes  the 
energy  required.  It  also  allows  for  a  fast  time  to 
explosion  to  be  used  on  the  last  stage  and  conse¬ 
quently  the  capability  of  attaining  submierosecond 
output  pulses  exists.  Voltage  waveforms  f roe  the 
operation  of  a  thrae  atage  switch  at  the  310  kA 

« 

level  are  shown  In  rig.  7  and  described  In  the 
experiaental  results  section. 

Design  of  the  TXIOtMT  Fuls*  Ceneretor 
The  design  of  ths  TRIO EOT  pulse  generator  wee  based 
on  the  requirement  that  voltages  of  1  MV  were  to  be 
produced  and  that  currents  In  the  sub-magaapere  range 
be  employed.  Additionally,  the  current  aource  wee 
to  be  the  MM.  5UZY  1Z  capacitor  bank  which  atorca 
130  kj  at  60  kV  (256  uF) .  Calculation!  to  pradlcc 
the  operation  of  the  generator  were  performed  at  two 
levels.  First,  inasmuch  as  several  switch  component 
designs  would  be  used,  simple  calculations  based  on 
the  exploding  switch  arc  characteristic  and  abrupt 
resistance  changes  for  fuse  elements  were  performed 
to  permit  construction  of  the  inductor  and  tank  for 
containing  the  switches.  Following  construction, 
inductances  of  actual  switch  circuits  were  measured 
and  calculated.  These  Inductances  were  Inserted  into 
equivalent  circuits  along  with  empirical  descriptions 
of  fuse  veporitation  characteristics  for  sore  precise 
simulations.  Comparison  of  these  calculations  with 
actual  circuit  performance  provide*  information  for 
the  design  of  future  generators.  The  remainder  of 
this  section  provides  e  description  of  the  pulse 
generator  which  was  constructed  on  the  basil  of  the 
Simple  calculations.'  Xc  la  followed  by  a  sample 
calculation  in  which  detailed  switch  descriptions 
arc  used  and  stray  inductances  are  Included. 

The  sarly  calculations  Indicated  chic  a  storage  in¬ 
ductance  of  2.5  uH  energized  with  500  kA  would  pro¬ 


duce  output  pulaes  of  greater  than  1  MV  with  rise- 
times  of  100  nsec  when  discharged  through  the  three 
stage  opening  switch.  In  order  to  eliminate  mechan¬ 
ical  problems  arising  from  force*  generated  by  the 
high  currents,  the  storage  inductor  wee  constructed 
a*  an  oil  filled,  18  ft  long  coaxial  line  with  an 
outer  conductor  diameter  of  14  in  and  an  inner  con¬ 
ductor  diameter  of  2  in.  This  choice  facilitated 
connection  of  the  bank  collector  plate  to  the  tank 
containing  the  twitching  arrangement  as  la  shown  in 
the  experiment  plan  view  of  Fig.  3.  The  Inductance 
of  thia  line  is  2.2  uR.  All  mechanical  forces  acting 
during  pulsing  will  tend  to  center  the  Inner  conduc¬ 
tor  as  opposed  to  the  coil  type  design  in  which  the 
forces  would  deform  the  coll.  The  dimension*  of  the 
coaxial  line  were  choeen  so  that  electric  breakdown 
would  not  occur  for  500  nsec  wide  pulaea  until  the 
volteg*  exceeded  2.2  MV.  Tho  expected  pulse  rise- 
tinea  ware  long  enough  that  transit  cinu  effects  in 
the  line  would  not  be  a  major  problem. 

e 

The  bulk  of  the  fuae  work  performed  at  MM.  used  de¬ 
ionised  water  as  the  camping  medium.  To  continue 
using  this  medium,  the  entire  three  stage  switch 
system  was  placed  in  a  6  ft  x  10  ft  x  6  ft  water 
tank.  The  switches  themselves  only  occupy  approxi¬ 
mately  1/3  of  chd  tank.  A  larger  rank  was  fabricated 
to  accommodate  fucura  experiment a.  The  oil  filled 
coaxial  Inductor  v*s  interfaced  to  the  water  tank 
through  a  1  in  polyurethane  diaphragm  co  a  shore 
wecer  insulated  coaxial  line.  Th«  total  inductance 
of  the  circuit  through  a  switch  channel  la  3.5  r>H. 

To  more  precisely  control  the  transfer  of  current 
between  iwicch  stages  and  co  allow  each  switch  to 
open  co  a  desired  scats  before  the  application  of 
high  voltage,  closing  switches  are  placed  between 
elements.  Secause  the  arc  voltage  of  the  exploding 
switch  is  low  and  the  opening  times  are  relatively 
long,  a  solid  dielectric,  detonator- triggered  switch 
is  used  co  coaeHicate  the  current  co  the  foils.  Coo- 
mutation  from  the  foils  co  the  wires  and  the  wires 
co  the  load  is  accoaplished  using  self  closing  water 
2*ps- 
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Fig.  3.  HUDEtt  experiment  floor  plan. 


The  quarter  cycle  period  of  the  capacitor  bank  ring- 
ins  through  the  inductance  la  approximately  30  usee. 
To  provide  a  DC  current  through  the  Inductor,  the 
capacitor  bank  is  crovbarred  (clamped)  using  an  ex¬ 
plosively  driven  switch  when  the  current  in  the  in¬ 
ductor  reaches  its  peak  value.  The  e-folding  decay 
time  for  the  crovbarred  inductor  is  300  usee.  Since 
the  cooDUtatlon  tine  for  the  exploding  switch  is 
approximately  SOusec,  the  capacitor  bank  can  be 
operated  in  the  non-erovbarred  node  to  test  the  per¬ 
formance  of  the  final  two  fuse  stages  independently 
of  the  explosively  actuated  switch. 

To  accossaodate  the  switches,  the  inner  conductor  of 
the  coaxial  inductor  was  terminated  in  a  "T"  shape 
in  the  tank  (Fig.  3).  Five  equally  spaced  2.5  inch 
saddles  were  welded  to  the  "T",  with  a  similar  saddle 
attached  to  the  opposite  wall  of  the  tank  S3  Inches 
avay.  A  current  shunt  is  incorporated  into  the 
mount  at  the  wall  so  that  the  current  through  each 
crage  could  be  measured  independently.  The  switch¬ 
ing  elements  and  a  cylindrical  copper  sulfate  re¬ 
sistive  load  could  be  arranged  in  any  configuration 
on  this  "T".  Typically,  che  switches  and  load  were 
arranged  to  provide  che  most  favorable  for  current 


commutation  between  successive  stages. 

The  explosively  activated  switches,  because  they 
employ  a  2.5  in  diameter  cube  for  conduction,  fit 
directly  into  the  saddle  shaped  sockets.  The  fuse 
elements  were  stretched  on  various  rack  type  devices. 
The  most  successful  of  these  racks  is  designed  around 
the  same  tube  used  for  che  exploding  switches.  The 
center  section  of  a  cube  is  removed  and  replaced 
with  an  appropriate  length  of  Insulator,  usually 
polyethylene.  Places  with  clamps  for  foils  or  pegs 
for  vires  are  machined  so  that  they  slide  over  the 
aluminum  cube  sections.  They  can  be  clamped  at  any 
location  on  che  aluminum  tube  as  dictated  by  che 
fuse  lengths. 

Measurements  and  calculations  show  that  each  switch 
stage  has  an  inductance  of  approximately  1  piH,  thus 
forming  a  3.5  uH  total  loop  inductance  with  che 
coaxial  line.  The  inductance  of  the  loops  between 
adjacent  switches  is  approximately  .5  jiH.  This  is 
the  inductance  which  determines  the  conaucaclon  tine 
between  stages.  Circuit  analysis  has  been  performed 
using  these  values  and  allowing  che  fuse  conductivity 
to  vary  according  to  an  empirically  determined  con- 
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duccivity  vs.  energy  relationship  (Fig.  4).  The  con¬ 
ductivity  curvs  vu  obtained  from  current  and  voltage 
seasureaenca  o f  tingle  aluminum  foil  fuses  operated 
in  an  open  circuit  (i.e.  no  load)  condition  at  a 
peak  current  level  of  10  kA  and  a  tiae  to  explosion 
of  200  usee.  The  aluminum  wires  are  assumed  to 
follow  the  saae  relationship.  Figure  S  shows  the 
results  of  this  analysis  for  a  resistive  load  of 
14  .1  with  .5  uM  of  inductance.  The  voltage  is 
approximately  1  MV  at  the  peak  current  of  70  kA  for 
a  peak  power  of  7  x  1010  V.  For  this  slaulation  the 
initial  inductor  current  was  490  kA.  The  explosively 
actuated  switch  arc  voltage  was  13  kV  with  a  total 
conduction  tiae  of  90  paac.  The  aliaalnua  foil  fuses 
were  .5  a  long  with  a  cross-section  designed  to  ex¬ 
plode  in  40  usee.  The  aluadnuti  wire  fuses  were  .5* 
long  with  a  cross-section  designed  to  explode  in 
2.5  u*ec.  The  current  was  commutated  away  fron  the 
foil  when  the  self-generated  electric  field  was  3.2 
kV/ca.  These  wavefora  shapes  are  characteristic  of 
inductive  energy  score  pulsers.  The  load  rlsetlaas 
show  the  opening  characteristics  of  the  final 
switching  stage  slowed  by  the  commutating  inductance. 


Fig.  4.  Conductivity  vs.  internal  energy  relation¬ 
ship  for  aluainua  foil  fuse.  Zero  energy 
corresponds  to  the  onset  of  vaporisation. 
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Fig.  5.  Computer  slaulation  for  TRIDENT  experiment 
driving  a  14  n  resistive  load  with 
.3  uH  of  series  inductance. 


The  fall  ciaes  are  the  L/R  decay  ciaes  of  the  storage 
inductance  plus  load  inductance  through  the  load 
resistance. 


Experimental  Eesults 

To  dace  the  TRIDENT  experiaenc  haa  been  operated 
with  a  aaxiaun  voltage  of  50  kV  on  the  capacitor 
bank  (388  kJ  scored)  which  corresponds  to  a  peak 
current  of  410  kA  in  the  storage  inductor.  This 
level  of  current  has  produced  output  pulses  of  700 
kV  with  rlseclaes  of  approximately  150  nsec.  Energy 
has  been  deposited  inco  a  7.5  resistive  load  at  a 
race  of  5  x  10^  V.  This  is  a  power  multiplication 
of  90  over  the  power  level  being  dissipated  by 
.  ie  resistance  of  the  initially  crowbarred  induc¬ 
tor. 

Early  TiUDENT  data  showed  that  the  Arc  resistance 
of  the  exploding  switch  was  such  lower  at  high 
currents  than  expected  and  the  excessive  burning 
in  the  switch  degraded  the  recovery  characteristic. 
For  example ,  early  prototype  switches  had  arc  re¬ 
sistances  of  approximately  300  a  i)  at  50  kA,  while 
TRIDENT  shots  using  similar  switches  at  240  kA  end 
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£00  kA  had  are  resistance*  of  20  e  u  and  20  a  a, 
respectively.  To  overcome  chi*  problem  ch*  twitch 
was  divided  into  two  modules,  a  shore  aodule  con¬ 
taining  only  16  twitch  gaps  and  a  long  aodule  con¬ 
taining  31  gaps.  (Fig.  6)  For  circuit  operation, 
the  short  nodule,  which  was  placed  on  the  ground 
end  o f  the  switch,  was  fired  first.  The  number  of 
sections  far  this  nodule  was  chosen  so  that  the 
voltage  was  sufficient  for  a  reasonable  commutation 
else  to  the  fall  fuse.  The  timing  for  the  firing 
of  the  second  aodule  was  chosen  so  that  it  would 
start  opening  just  prior  to  complect  coaautacion 
out  of  the  exploding  switch.  Since  this  switch  is 
opening  under  essentially  aero  current  conditions, 
there  is  no  burning  in  the  switch  and  it  presents 
a  clean  open  switch  to  the  high  voltages  reflected 
by  the  succeeding  fuse  stages. 

The  long  aodule  has  operated  at  least  at  a  recovery 
voltage  of  10  kV/ca.  The  actual  stress  across  open 
gaps  may  be  higher.  Due  to  the  relatively  slow 
propagation  else  of  the  detonation  along  the  p riser 
cord  (7-8  ao/i:aec),  only  60S  of  the  gaps  are  probably 
open  when  the  high  voltage  is  applied.  Future 
switches  will  be  detonated  in  several  locations  along 
its  length  to  decrease  she  rise  for  complete  switch 
opening. 
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rig,  6.  Photo  of  double  nodule  explosively 
actuated  switch. 


CossMtation  of  current  to  th*.  foil  fuse  has  had  good 
success.  Failure  to  cosautate  has  usually  been 
caused  by  a  failure  of  che  closing  switch  In  the 
foil  path.  The  inductance  of  the  commutation  cir¬ 
cuit  Is  approximately  ,2  uX  and  the  arc  voltage 
generated  by  che  exploding  switch  is  3-7  kV,  so 
eommication  tines  range  iron  20  to  40  uKC.  A  rep¬ 
resentative  oscilloscope  trace  showing  confutation 
iron  exploding  switch  to  foil  is  shown  In  Fig.  *. 

Two  problems  which  have  been  associated  with  cht 
operation  of  the  large  foil  fuses  (e.g.  30  cm  (U) 
x  60  cm  (L)  x  .0006  cm  (r))  ha  vs  been  non-uniform 
explosion  of  the  foils  apparently  caused  by  non- 
uniform  current  dlatrlbutiont  in  the  foil  and 
damage  to  the  fuses  inflicted  when  the  delicate 
thicknesses  sre  ismersed.  The  first  problem,  eval¬ 
uated  using  rime  integrated  open  shutter  photo¬ 
graphs  and  examination  of  tht  clasped  ends  of  the 
foils,  has  been  improved  by  mounting  che  foils  in 
cylindrical  and  hexagonal  geometries  which  promote 
symmetrical  current  distributions.  Handling  of  the 
foils  has  been  facilitated  by  sandwiching  che  foil 
between  fiberglass  screens  which  are  spot  welded 
at  the  foil  edges  to  form  a  fuse  package  with 
strength  e<)ual  to  that  of  the  fiberglass.  Tha 
scratn  cransparancy  allows  tht  watsr  to  come  into 
intimate  contact  with  the  foil  and  teats  have  shown 
that  operation  of  the  foil  is  unaltered  by  the 
screen. 

Wire  fuses  of  both  aluminum  and  copper  have  been 
used  as  the  final  fuss  stage  in  thicknesses  ranging 
from  1  to  5  mils.  Wire  currants  have  ranged  from 
75  kA  for  shots  with  240  kA  in  the  exploding  switch 
just  prior  to  coaautacion  to  the  foil  fuse  to  150  kA 
for  shots  with  365  kA  maasursd  In  the  exploding 
switch.  The  lower  level  shots  ussd  28,  5  ail  dis¬ 
aster  aluminum  wires,  while  the  high  current  shots 
used  53,  3  mil  diameter  copper  wires.  The  maximum 
self  stress  generated  by  the  vires  to  dace  in  the 
TRIDENT  experiment  has  bean  13  kV/ca,  a  value  wall 
below  their  previously  demonstrated  capability. 

A  sec  of  typical  currant  and  voltage  waveforas  froa 
a  shot  where  che  peak  current  through  the  storage 


Inductor  vo*  310  kA  Is  ihovn  In  Fig.  7 .  Th*  currtnc 
Ju*c  prior  to  confutation  to  th*  loll  va*  270  kA. 
This  reduction  Iron  peak  i*  duo  to  th*  combined 
Ollocta  of  tho  crowbar  r«sistaac*  and  lo**o*  In  eh* 
exploding  switch  circuit.  Th*  confutation  tin*  to 
th*  loll  va*  20  4S*c.  Although  not  shown  in  th* 
photo*,  th*  arc  voltage  va*  6.6  **V.  Th*  voleag* 
trat*  show*  that  eh*  *«11  dosing  vaetr  switch  to 
th*  vlr*a  closed  vh«n  th*  foil  voleag*  va*  123  kV 
(saw-tooth  rasp  on  «xcr*a*  of  voleag*  crac*). 
Th*  vlr*  fu*«  *xplod«d  1.7S  >i*«c  after  th*  closure 
of  thlc  switch  generating  a  ?«ak  voleag*  puls*  of 


EXPLODING  SWITCH  CURRENT 
340  KA  PEAK 


FOIL  FUSE  CURRENT 

195  kA  peak 

OUTPUT  VOLTAGE 
605  kV  PEAK 


WIRE  FUSE  CURRENT 
85  kA  PEAK 

rig.  ?.  Representative  current  and  volcage  wave¬ 
forms  Iron  the  TRIDENT  pulse  generator. 


60S  RV,  Th*  current  coasutated  eo  th*  vir«s  is 
shown  la  th*  bottoa  crac*  of  th*  figure.  Th*  signal 
ha*  b««n  delayed  l.S  w**c  and  eh«r*fort  suae  b« 
shifted  ehra*  division*  to  eh*  l*fc  for  da*  corre¬ 
lation  with  th*  voltag*  puls*. 

An  accurst*  analysis  of  th*  TRIDENT  circuit  va*  per¬ 
formed,  a*  described  «arli*r,  to  evaluate  th*  *x- 
p«rla*atally  ob*«rv*d  valu«*  of  currant  transfer  to 
th*  vir«*  against  ehoe*  current  l»v*l*  which  should 
b«  *xp«cc«d  on  th*  baais  of  dreuie  parameters  and 
switch  properties.  This  analysis  assumed  a  total 
exploding  twitch  opening  time  of  80  ^**c,  5  kV  of 
arc  voltag*,  a  foil  fus*  tin*  to  explosion  of  30 
w*«c,  and  an  initiation  of  currant  coemucacion  from 
th*  foil  to  th*  vir*  vh*n  the  foil  fus*  self  gener- 
at«d  seres*  was  3.3  RV/cs.  Th*  results  of  this 
analysis  is  shown  In  Fig.  i  fer  foil  fus*  lengths 
of  .3  and  1.0  aetars.  Fairly  good  agreement  is 
shown  b«cv««n  cha  analysis  and  TRIDENT  data  points. 
This  raaulc  lndlcacad  to  ua  that  v*  had  a  good  under¬ 
standing  of  th*  op«raclon  of  th*  twitching  «l«a*ncs, 
and,  not  surprisingly,  th*  Inductance  associated 
with  th*  twitch  element*  and  in  th*  confutation 
circuits  oust  b*  reduced  to  Increase  efficiency  to 
the  final  stag*. 

Future  Exoerlaenta 

lanedlat*  plane  for  the  TRIDENT  experiaenc  ineluda 
operating  the  systea  at  full  charge  on  eh*  capacitor 
bank  (60  kV).  This  will  increase  th*  peak  current 
in  the  circuit  to  approximately  300  kA.  This  is 
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Fig.  S.  Comparison  of  7RID£T  data  to  coapucer 
simulation  of  current  transfer  to  wire 
fuse. 


expected  te  genera:*  output  pulses  of  over  600  kV. 

In  order  to  attain  this  level,  a  folded  version  of 
the  exploding  switch  will  be  employed  which  will 
have  a  higher  voltage  hold-off  capability  with  a 
very  small  change  in  the  circuit  inductance.  Addi¬ 
tionally,  a  falsework  arrangement  has  bnen  proposed 
to  reduce  the  inductance  of  the  switches  and  c edu¬ 
cation  circuits.  This  modification  to  improve  energy 
transfer  to  the  wires  along  with  optimised  switching 
between  stage*  should  produce  output  pulses 
approaching  the  desired  goal  of  1  MV. 

Liter  in  the  year,  the  TRIDENT  switching  tank  will 
be  connected  to  the  NRL  homopolar  generator  for 
operation  at  600  kA  with  an  initial  stored  energy 
of  1  Ml.  This  will  provide  the  first  demonstration 
of  a  complete,  compact,  high  energy  inductive  storage 
pulser  with  an  inertial  energy  store  as  the  primary 
source. 

Following  the  homopolar  generator  tests,  a  demonstra¬ 
tion  of  puls*  charging  the  capacitance  of  a  1  MV, 
moderate  energy  puls*  forming  line  is  planned. 
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Abstract 

Xetenc  progress  In  ch«  development  of  key  eleamrace 
of  hl|h  power  SnJucdv*  storage  lytcui  makes  It 
poitlble  to  ganvract  high  powtr  pultta  utlng  energy 
enrage  systems  (other  chan  explosive  gcntrtcort) 
chic  Include  single-pulse  Inductive  systems,  hybrid* 
Cljduecor/pulre  lint1  tad  Inductive  devices  for 
steepening  of  cht  capacitor  output*)  at  wall  at 
induccivt  systems  for  generation  of  high  pover 
pula*  craina. 

Prospects  for  furthtr  development  of  optnlng 
aulcehta  and  acoragt  ayactoa  auggtac  potential 
naar-cera  payoff.  Xsproveoenca  based  on  such  <U~> 

vtlopatncs  can  bt  txptcctd  co  impact  ayacta  effi¬ 
ciency,  eoapeccness  and  optraelonal  coavtnltnct. 

Introduction 

Magnetic  acoragt  of  tntrgy  cor  applications,  re¬ 
quiring  large  amounts  of  energy,  la  preferable  co 

capacldvt  acoragt  because  of  Isa  characctdadcally 

*  3 

high  energy  denalcy,  sons  10*  co  10  data  higher 
chan  eleccroacadc  energy  storage.  S.  A.  Maaar  and 
H.  H.  b’oodson*  have  aurvoyed  che  aechoda  of  energy 
acoragt  for  pulse  pover  appllcadona,  concluding 
In  1975  chac  inductive  acoragt  haa  great  potential, 
but  chac  Is  haa  not  been  used  extensively  In  che 
paac.  Specifically,  che  problea  of  opening  svicchea 
la  Indicated,  with  che  prediction  char,  high  current, 
hign  voltage  opening  switches  will  evolve  froa  pover 
circuit  breaker  technology. 


This  paper  dlacueeee  che  ecacue  of  opening  switch*  > 
end  choir  relation  to  development  of  large  Inductive 
acoragt  ays c eat  designed  for  loads  ^requiring  high 
power  Input,  end  for  ayeteaas  with  specialised  output, 
such  ea  pulse  craina  with  short  pule«-co-pulse 
separation.  Prospective  development  of  one  new 
type  of  opening  switch,  a  plasma  awlcch,  is  also 
discussed  to  illustrate  further  possibilities  for 
iaprowed  perforaaaca  of  these  syteean,  including 
repetitive  capable,  lee. 

Opening  Switches 

Tbe  rsn  wire  meat a  Imposed  on  the  opening  twitches  In 
indoedve  storage  sy scene,  l.e.  high  realstance  of 
che  opened  atace,  high  Inductive  electric  field, 
high  reecdko  voltage  with  che  attendant  rapid  re¬ 
covery  race  and  feat  opening  dae  were  dlacuased  In 

Ref.  4  In  relation  co  the  circuit  paraaecera.  It 
can  be  seen  froa  che  analysis  of  che  energy  transport 
from  the  inductor,  L0,  co  the  load  chac  the  above  switch 
characteristics  strongly  Influence  che  pulsar's  effi¬ 
ciency.  This  is  because  che  efficiency  of  transfer 
froa  one  switching  stage  co  a  succeeding  one  (as  is 
necessary  co  do  In  syataaa  with  large  power  aspll- 
ficaclon  factors^)  la  given  by 


where  W/UQ  Is  che  ratio  of  energy  transferred  to  che 
next  stage  (characterized  by  resistance,  R,  and  in¬ 
ductance  l)  co  the  scored  energy*.  The  esgnicude 
of  che  effect  can  be  asdaaced  froa  W/Wo  by  noting 
chac  che  inductance  L  of  che  next  stage  la  always 


approximately  proportional  eg  the  inductive  or  r«- 
icrike  eiectric  field.  In  high  power  systems  using 
several  opening  switch  stages  snail  improvements 
in  the  value  of  these  parameters  improves  the  trans¬ 
fer  efficiency  substantially.  Xr.  addition  to  the 
circuit  efficiency,  the  transfer  tlae,  determined 
by  such  constraints  as  the  recovery  rate  sust  also 
be  short,  so  that  non- recoverable  energy  losses , 
such  as  vaporisation  energy  in  the  case  of  fuses, 
represents  acceptably  snail  portion  of  UQ. 

figure  1  naps  a  variety  of  opening  switches  in  cams 
of  their  dependance  of  the  rescrlke  field  (noting 
slut  it  is  that  field  rather  than  the  inductive 
electric  field  that  usually  dominates  the  switch 
length)  on  the  recovery  clae,  T.,  needed  to  achieve 
the  corresponding  magnitude  of  the  field.  By  nor¬ 
malising  T_  to  the  time,  T  ,  i.e.,  to  the  clae  that 
the  aultch  conducts  before  interrupting  the  current. 


Fig.  1.  Paraaeter  apace  outlining  the  performance 

of  opening  switches.  The  following  swicches 
are  capped:  1-foil  fuses,  2-crossed  field 
switch”,  3-plasaa  switch  with  its  prospective 
developaenc  described  in  this  article,  and 
eleccron-bets  controlled  high  pressure  gas 
switch  discussed  in  ref. 7,  4-irosion 
switch8,  5-aagnetically  operated  mechanical 
breaker*,  6-explosively  driven  switch10, 
7-SF.  circuit  breaker5*,  6-vacuua  breaker52. 


the  switches  are  saen  to  fall  into  two  categories. 
Those  designed  to  perform  with  (nesrly)  unlimited 
conduction  time  are  plotted  using  values  of  Tc  of 
the  specific  experiments  which  provlce  the  above 
restrlke  field  data.  T0,  of  course,  cannot  be 
shorter  than  the  electrode  separation  tise.  In  these 
cases,  the  electrode*  can  conduct  over  much  longer 
tlae.  The  lower  shaded  region  corresponds  to 
switches  operating  with  TQ  longer  than  used  in  pub¬ 
lished  experlaents.  It,  thus,  delineates  the  para¬ 
aeter  spaee  accessible  to  the  inductive  storage 
designer.  The  itcond  category  of  switches  are  those 
with  Halted  conduction  clae.  Such  lisics  arise 
froa  a  constraint  specific  to  a  given  type  of  switch. 
Opening  switch  controlled  by  an  external  electron 
beaa  is  an  exasple  of  the  limit  on  the  conduction 
tlae  arising  froa  the  constraints  cn  generation  of 
the  electron  beams,  for  reference,  figure  1  also 
shows  the  hold-off  voltage  of  closlns  switches, 
emphasising  the  typically  higher  el eccrlt  field 
available  for  the  pulser  design. 

The  ability  of  switches,  t*lch  unlimited  conduction 

and  operating  at  high  current  levels,  to  open  in  a 

clae  about  100  ciaes  shorter  chan  that  of  conven- 
9  10 

clonal  circuit  breaker  ’  has  recently  provided 
a  necessary  technology  for  developing  inductive 
storage  pulsers  baaed  on  rocaclonal  energy  storage 
with  typical  slow  rise  clae. 

figure  2  la  a  schematic  of  a  plasma  switch*  with  a 
poctncial  to  coablne  fast  opening  and  recovery 
tlaes  and  high  hold-off  electric  field.  1c  is  bated 
on  use  of  dense  plasma  flow  (at  10'  and  ,n  ca ft) 
generated  by  external  plasms  gun^.  Mien  she  plasma 
it,  in  the  region  between  the  electrodes,  conduction' 
of  high  current  is  possible.  As  the  plasma  exits 
the  electrode  gap,  interruption  of  current  ensues. 
Approprisce  commutating  circuit  esn  be  expected  to 
provide  very  fast  voltage  recovery  associated  with 
chat  of  vacuum  breaker  using  mechanical  separation 
of  electrodes  Promising  performance  of  this 
switch,  as  well  as  chat  using  high  pressure  gas 


♦Concept  or  the  swiccn  oy  V.  J.  Turchi, 
U.  S.  Patent  Application  (1979) 
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with  electron  beam  controlled  conduction' ,  must 
await  experimental  evaluation  to  alien  their  use 
in  efficient  storage  systems. 


HOLLOW  SWITCH 
ELECTHOOCS 


Fig.  2.  Scheoatic  configuration  of  plasma  switch. 


Conclusions 

The  development  of  the  opening  switch  technology 
has  now  progressed  sufficiently  to  a  point  that 
efficient  inductive  storage  modules  with  output 

1 1  14 

fewer  exceeding  10*  Watts  can  be  built  .  Deriv¬ 
atives  of  such  systems  producing  pulse  train 
output  at  1010  Watt  with  pulse-co-pulse  separation 
equivalent  of  10*  Ha  have  been  demonstrated**.  As 
a  result  of  this  progress,  large  storage  systems 
ran  be  designed  for  use  with  inertial  current 
sources  that  are  necessary  for  low  cosc  designs. 

The  major  obstacle  to  wider  use  of  the  large  induc¬ 
tive  storage  is  the  necessity  to  replace  switches 
after  e;ieh  epenmg  action.  This  suggests  that 
the  development  of  the  opening  switches  thac  can 
be  tperaced  many  times,  in  analogy  to  circuit- 
breakers  used  in  transmission  of  che  electric  power, 
will  be  emphasiaed  in  che  fucure.  The  new  switches 
will,  likely,  evolve  from  combining  desirable 
features  of  several  switch  types  and  lead  to  system 
designs  superceding  in  all  respects  the  capabilities 
af  present  capacitive  pulsers. 
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Abstract 

Inductive  puli*  forming  techniques  appropriate  for 
the  driving  of  imploding  plasma;  he  vs  been  explored 
with  special  attention  given  to  a  suitable  opening 
switch.  Faraaecric  investigations  of  circuit  models 
indicate  that  isploding  load  performance  is  rela¬ 
tively  independent  of  opening  switch  paraaeters. 
Extrapolation  of  existing  experimental  and  coeputer 
simulated  data  leads  to  conceptual  design  criteria 
for  a  fused  aetal  foil  opening  switch  which  will 
be  implemented  on  a  1.9  Hi  system.  The  inductive 
system  compare*  favorably  with  the  direct  capaci¬ 
tor  driven  system  in  tens  of  kinetic  energy  with 
the  definlce  advantage  of  shorter  time  scale*  on 
which  Che  energy  is  delivered  to  the  laploelon. 

Introduction 

The  Air  Force  Weapons  Laboratory  is  investigating 
plasms  implosion  techniques  as  a  desirable  method 
for  generating  a  very  high  energy  density  plasma 
suitable  for  use  as  an  incense  E-ray  Source*.  Under 
the  SHIVA  program  experiments  have  been  conducted 
in  which  a  plasma  formed  from  a  chin  freestanding, 
cylindrical  netal  or  plastic  film  la  driven  to  high 
velocities  (>  lOcn/usec)  by  a  high  currant  from  a 
1.1  MJ,  1.3  us  capacitor  bank.  Proper  choice  of 
geometry  and  mess  of  the  imploding  plasma  allow 
good  (25-30X)  coupling  of  electrical  co  kinaclc 
energy  and  have  efficient  heating  of  the  pinched 
plasma.  Radiation  outputs  of  180  kJ  (162  total 
efficiency)  »t  powers  in  excess  of  1.5  TW  have  been 
observed.  Future  experiments  cell  for  the  delivery 
of  much  larger  amounts  of  electrical  energy  (15- 
30  Ml),  and  implosion  dynamics  suggest  that  shorter 
implosion  times  (30tas)  would  be  advincageous.  To 
meet  these  requirements  energy  storage  systems  of 

conventional  design  would  be  exceedingly  large  and 
expensive.  An  attractive  alternative  technology 


may  be  conceptually  dtveloped  using  inductive 
(magnetic)  energy  conditioning  techniques*' 
coupled  with  inertial  primary  energy  storage  . 

The  inertial  primary  store  is  essentially  prasent 
technology.  Therefore,  the  purpose  of  this  work  is 
to  explore  the  potential  applicability  of  inductive 
pulse  forming  techniques  in  the  driving  of  implod¬ 
ing  plasma  loads.  Special  attention  is  paid  to  the 
development  *;f  a  suitable  opening  ewiteh.  In  this 
paper  the  inductively  driven  plasma  implosion  sys¬ 
tems  will  be  explored  analytically  and  computa¬ 
tionally  through  circuit  models.  The  performance 
of  currently  available  opening  switches  will  be 
compared  sgalnet  che  requirements  developed  in  the 
analysis  to  assaas  the  naar  term  prospects  for 
applying  inductive  techniques  co  large  systems. 


Simple  Analysis 

The  circuit  shown  in  Fig.  1  consists  of  a  dc  chargad 

capacitor  bank  (C)  discharging  through  a  storage 

inductor  (Lt  ■  ^  +  ltxc)  end  a  closed  switch 

(S^)  that  opens  at  peak  current  (1Q)  co  transfer 

the  energy  through  switch  5,  to  the  load  of  initial 

inductance  L  .  The  load  inductance  increases  tub- 
0 

sequenc  to  the  initiation  of  current  interruption 
thus  corresponding  to  the  implosion  of  the  SHIVA 
load  (L(c)  «  Lo  +  11(c)).  The  initially  open  switch 
(S,)  isolates  the  load  from  che  system  until  switch¬ 
ing  time  (tg).  The  final  load  inductance  is 

L  •  L  +  AL  where 
o 

hv 

iL  -  In  (H0/Rf)  (1) 

The  parameter  h  is  the  height  of  che  cylindrical 
foil,  while  R  and  R.  are  che  initial  and  final 

O  ! 

cylinder  radii  respectively.  Convergence  ratios 
(R  /R.)  of  12-14  are  common  and  the  shorter  time 

O  1 

scale  implosion  is  expected  co  lead  co  a  convergence 


of  20.  Several  assumptions  ar«  csployad  tn  ch* 
slapUst  analysis.  Ih*  final  resistance  of  eh* 
opening  switch  is  assumed  eo  be  large  compared  eo 
eh*  final  L  of  eh*  load  eo  prevent  significant 
sharing  of  current  through  eh*  switch.  Xf  eh*  im¬ 
ploding  cylindftc  radlua  and  velocity  ar*  r(e)  and 
vtc),  on*  can  vnrie* 


*l(e) 


(2) 


le  la  also  assumed  ehac  eh*  resistance  rises 
quickly,  in  ocher  words  ehac  eh*  switching  time 
1*  such  las*  ehan  eh*  Implosion  tin*. 


Ac  peak  currant  and  for  eh*  ihore  energy  eranafar 
eisa*  of  interest  eh*  bank  voltage  and  eh*  amount 
by  vhleh  eh*  char;*  on  C  can  chan;*  1*  n*ar  :era , 
h*ne*  for  eh*  analysl*  eh*  capacitor  element  can  b« 
represented  by  a  ahore  circuit.  Assuming  conserva- 
cion  of  sa;n«cic  flux,  eh*  *n*r;y  aeor«d  in  ^  and 

L.  immediately  after  e  la 

o  a 


r  m  ..—I* 

1  1.  +  1. 


0) 


vihar*  E^  (•*  ^iL^X^*)  la  eh*  *nar;y  »tor«d  la  Lg 
prior  ea  e}.  Tha  anarjy  dlaalpacad  In  eh*  rlain; 
switch  resistance  suae  b« 


aw  L  *  L 


r 

”0 


(4) 


according  eo  conaervaelon  of  «n*r;y.  To  minimise 
eh*  switch  dissipation  L^  suae  b«  as  low  as  possi¬ 
ble  U.  «<L  ).  After  eh*  Isploslon  eh*  approximate 
*n*r;y  atored  in  L^,  L^,  and  AL  Is 


L  r  AL 
o 


(5) 


The  kinetic  energy  coupled  eo  the  plassa  shell  dur¬ 
ing  the  taploslcn  is  just  the  difference  E^-E,, 
and  a  kinetic  efficiency  can  b«  defined  as 


Lj  +  AL 


(6) 


if  Lo“Ls.  If  AL»Lj  efficiency  approaching  unity 

ran  be  realised.  Thus,  in  general,  eo  get  cose  of 

the  stored  energy  into  kinetic  energy  and  maxiaite 

efficient’/  requires  L  «<L  «AL.  I'nforcunacelv  L 
os  o 

is  typically  fixed  by  consideration  of  power  flow 
In  the  load  and  AL  is  fixed  by  the  convergence 


ratio  and  the  foil  hel*he.  For  the  SHIVA  ayace* 
values  of  L0  below  3-5  nH  are  unrealistic,  while 
AL  can  ran;*  fro*  6  to  21  nH,  and  reaching  very 
high  efficiency  will  be  difficult.  Given  praetieai 
conacralnca  upon  Lo  and  AL,  the  value  of  Lf  re- 
salna  as  one  peraaecer  which  ean  be  adjuated.  In¬ 
tuitively,  If  Lg  la  chosen  eo  be  very  small,  a 
large  amount  of  energy  la  loae  la  the  switching 
operation,  If  ic  la  chosen  eo  b*  large  the  energy 
transfer  to  the  load  suffers.  To  find  the  optimum 
choice  of  L^  one  ean  cake  dr.^/dL^  and  sec  the  re¬ 
sult  equal  to  aero.  Thla  resulea  In  a  criterion  on 
L(,  namely: 

Ls  “  {l* 2  A  *o  iL  ’  <7> 

Clearly  for  the  cate  of  the  static  load;  AL  -  0, 

Eq.  (3)  glvaa  L^  -  Lo<  Thua,  the  familiar  acaelc 
c«*uie  la  r«cov*r*d,  and  aa  *xp*cc*d,  from  Eq.  (3) 
and  Eq.  (A)  »  1^  <•  JOZ  E0>  Flatting  aa  a 

function  of  L^  for  an  lmploalon  wh*r*  AL  -  12  nH 
shows  that  eh*  efficiency  of  coupling  inductive  to 
kinetic  *n*rgy  go**  through  a  maximum  at  eh*  pre¬ 
dicted  optimum  L(  and  that  ch*  optimum  Is  broad  and 
relatively  Insensitive  to  small  variation*  tn  L^. 


For  on*  class  of  opening  switches,  n*m«ly  electri¬ 
cally  exploded  conductor*,  the  operation  of  ch* 
switch  is  determined  by  the  energy,  (and  to  some 
extent  power  history)  dissipated  in  ch*  evicch. 
Therefor*  it  la  useful  to  characterise  the  circuit 
performance  in  terms  of  eh*  energy  dissipated  in 
ch*  switch  given  by  Eq.  (A).  Figure  2  is  a  plot  of 


the  minimum  dissipation  fraction  defined  as 


~iW 


L  r  L 
s  o 


(8) 


When  is  chosen  by  Eq.  (7),  Eq.  (8)  indicates 
that  4  is  only  a  weak  function  of  AL.  For  small  AL 
tha  curve  approaches  50Z  as  expected  for  a  static 
load.  The  sijnificar.ee  of  4  is  chac  it  represents 
ch*  minimum  amount  of  energy  that  will  be  dissipa¬ 
ted  when  the  switch  opens  (at  least  25*  for  prac¬ 
tical  cases) ,  regardless  of  the  characteristics  or 
relative  time  of  the  operations  of  switches  4^  and 
S,.  Conversely  it  is  the  minimum  energy  available 
eo  use  to  actuate  a  dissipation  driven  switch.  The 
temptation  is  to  develop  a  switch  which  "requires" 
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very  lltcly  energy,  figure  2  Indicate;  that,  ior 
exssple,  lor  typical  SHIV*  paraaeters  10  »  5  nit 
and  it  *  12  nH,  almost  *02  ol  the  energy  goes  into 
the  switch  regardless  of  hov  clever  the  design.  On 
the  other  hand,  since  dissipatively  operated  cur¬ 
rent  interrupting  switches  say  require  sore  than 
she  sinimua  energy  given  by  4,  the  fraction  1  ol 
the  inductively  stored  energy  retaining  alter 
switching  chat  is  coupled  to  kinetic  energy  is  also 
a  relevant  paraaeter.  Using  Eq,  (3)  and  (3) 


r 

"ke 


1  - 


u«  + 


Ls* 


+■ 


(9) 


figure  3  is  a  plot  ol  the  coupling  fraction  f.  The 
plot  shows  chat  lor  realistic  values  ol  3  nH«  < 

5  nH  and  lor  it  «  12  nK  approximately  hail  ol  the 
energy  reaaining  alter  switching  is  coupled  to  ki¬ 
netic  energy  yielding  lor  these  parameters  an  over¬ 
all  *>-  ol  302.  Froa  this  sisple  analysis,  a  lew 
design  criteria  eaerge: 
i)  Minimise  Lfl, 
ii)  Maximise  it, 


i)  Minimise  Lfl,  as  such  as  possible, 


ill)  Choose  tg  nr 


Vv 


+h-1 


iv)  Determine  the  dissipated  switch  energy. 


SXiaerical  Results 

In  this  section,  the  numerical  solution  to  a  cir¬ 
cuit  similar  to  that  in  fig.  1  is  discussed. 

Values  were  chosen  lor  circuit  elements  which  cor¬ 
respond  to  paraeeters  ol  the  SHXVA-X'  capacitor 
ba>£  system.  The  267  uF  capacitor  is  charged  to 
12G  kV  storing  1.9  MJ.  The  load  is  aodeled  as  a 
tiae  varying  resistance,  having  Che  saac  lora  as 
Eq.  (2),  in  series  with  a  tiae  varying  inductance 
expressed  by 

u  h 

Ut)  -  —■  In  (R/r(e)).  (10) 

The  radii  of  the  return  conductor  (chasber)  and  ol 

the  iaploding  loll  are  represented  by  R  and  r(c), 

respectively.  The  initial  loll  radius  was  chosen  at 

5  ca  and  the  height  at  2  cs  by  stability  arguaents. 

The  return  conductor  radius  was  chosen  at  17.5  ca 

to  give  an  initial  value  lor  the  l  of  5  nH,  which 

corresponds  to  Lo  •  5  nH  in  the  analytic  aodel.  The 

assumption  ol  20:1  conversion  leads  to  a  niniaua 

radius  ol  2.5  aa;  a  final  value  L,  of  17  nH;  and  a 

iL  ol  12  nH.  Thus  iroa  L  and  iL  a  value  of  the 
o 


storage  inductance  is  chosen  Iroa  Sq.  (7)  to  be 

9.2  nH.  The  series  output  switch  is  aodeled  as  a 

tiae  varying  resistor  whose  value  is  1  aegoha  prior 

to  switching  time  t  and  changes  to  0.1  sllliohn  in 
8 

5  ns  subsequent  to  t(.  The  current  interrupting 
switch  is  a  resistance  (F,j)  which  is  varied,  as  a 
problem  variable.  The  opening  switch  inductance  U 
typically  taken  aa  less  than  1  nH  but  will  depend 
on  the  switch  geometry.  The  fuse  inductance  was 
included  in  the  bank  side  ol  the  circuit  rather 
than  in  the  fuse  branch  because,  with  the  coaxial 
SHIVA  arrangement,  Lj.  stores  sagncclc  energy  that 
is  available  to  the  load  when  switching  occurs.  The 
circuit  was  subjaettd  to  metrical  analysis  using 
a  circuit  solving  code  for  a  variety  of  profiles 
and  tiae  scales  and  lor  a  variety  of  switch  tines 

V 


Terminal  Resistant; 

Assuming  all  the  stored  energy  is  transferred  to 
the  Inductors,  the  coupled  klnecic  energy  should  be 
570  kJ  (302  kinetic  elllcieney).  Choosing  33  cm/u; 
final  valocity  and  allowing  a  2.5  as  final  radius 
the  loll  mss  and  final  i  should  bt  10_!  kg  and 
0.5  0.  The  constant  llux  analysis  iaplied  that  the 
final  valua  of  R^  should  be  such  greater  than  0.5  ft 
to  aaaura  that  oost  ol  the  current  la  flowing  in 
tha  load.  To  aodel  the  situation  a  linear  raap  re¬ 
sistance  profile  was  chosen  (since  other  shapes 
effected  only  a  law  percent  variation  in  the  kinetic 
energy),  changing  R^  Iroa  tha  initial  rasiatance 
(R,  «  0)  at  t^  *  2.66  us  (tiae  of  peak  current)  to 

a  final  terminal  reaistanca  (K,).  Tha  switch  dura- 

« 

rion  (Ac)  was  taken  at  100  ns  to  assure  that  it  « 

t,  ,  and  R,  was  varied  froa  30  aft  to  5  ft.  The  tiae 
tap 

at  which  the  output  switch  doted  (t#),  was  a  cons¬ 
tant  at  2.665  us.  Figure  6  shows  a  plot  of  the  ki¬ 
netic  energy  coupled  to  che  iaploding  foil  and  the 
final  velocity  of  the  foil  when  it  had  collapsed  to 
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4  radius  o f  2.5  a*  4*  4  Junction  of  ft,,  the  final 

* 

swiesh  resistance.  A*  anticipated  the  kinetic  en¬ 
ergy  coupled  at  lower  value*  of  ft,  is  lover  chan 
that  observed  at  higher  value*,  Ferhap*  surprising 

1*  the  fact  that  when  ft,  v  L  peak  nearly  90S  of 
* 

the  kinetic  energy  predicted  by  the  flux  aodel  ia 
observed  coupled  in  the  nuaerical  aoluclon.  But 
vhen  ft,  drop*  note  than  an  order  of  aagnleude 
to  29  a  3  the  kinetic  efficiency  decreaaaa  only 
soderacely  to  $22  of  eh*  efficiency  predicted  by 
the  flux  aodel.  Thi#  relatively  moderate  lap* ct 
of  reducing  X,  can  be  aotivated  by  referring  to 
Fig.  5  where  eh*  dissipative  impedance  (ftLD)  and 
ft,(t)  are  plotted  a*  function*  of  time  for  the  caa* 
where  ft,  *  39  xl,  The  plot  show*  that  the  diaal- 
pative  part  of  the  load  impedance  ftLO  riae*  rapidly 
at  the  very  end  of  the  iaploalon,  and  even  for  very 
sodeat  value*  of  X,,  SU  ia  lea*  chan  ft,  for  about 
99*  of  the  implosion  tis*.  Although  it  la  also 
true  that  soac  of  the  kinetic  energy  1*  coupled 
late  in  the  implosion,  it  ausc  be  noted  chat  once 
ft^  interrupt*  the  current  and  "charge**’  the  load 
inductance,  the  ciae  scale  (L/ft^)  far  current  to 
transfer  back  to  ft,  i*  such  longer  chan  the  30-60 
ns  for  which  the  load  iapedanc*  i*  higher  than  R?. 
Coupling  to  L  is  independent  of  ft,  until  late  in 

a* 

the  implosion,  and  nose  of  the  neceaaary  energy 
has  been  loaded  Into  L  (which  haa  increaaed  to 
almost  f-o  *■  before  L  overcakea  Xf).  Figure  1 
also  exhibits  a  fail  off  of  above  approximately 
?.i  ...  Thi*  result  is  perhaps  aore  surprising  than 
the  relative  moderate  fall  off  at  low  ft,.  Ac  larger 
values  of  ft,  excessive  energy  is  dissipated  in  the 
fuse  during  opening  tin*  thus  leaving  less  energy 
in  the  magnetic  circuit  to  drive  the  implosion  and 
thereby  explaining  lower  overall  efficiency.  The 
inclusion  ia  chat,  for  iaplosion  paraseecrs  dis¬ 
eased  and  for  values  of  ft,  that  are  greater  than 
the  initial  L  of  the  load  (a  few  allliohms)  but 
not  such  greater  than  the  final  L  (one-half  oha), 
performance  seeas  to  be  predicted  by  the  simple 
model  within  about  2QT.  Thus  the  criteria  results 


with  *_  «*  ft,  *»  L  .  . 
a  i  pinch. 


Output  Switch  Closure  Tise 
it  was  observed  chat  earlier  "closing  rises"  (c^) 


of  the  series  output  switch  ft.,  resulted  in  iaproved 
efficiency  and  decreased  dissipation  of  large  values 
of  ft,.  In  fact  the  kinetic  energy  approaches  the 
570  kJ  flux  aodel  value.  Fresumably  when  ft  is  very 
large  (1.*..  ft,  is  large  and  At  is  fixed),  the  ciae 
scale  of  current  transfer  is  seriouely  effected  by 
the  Rj  closing  ciae  and  thus  result*  in  larger  dis- 
dlpaclon  in  ft^.  Closing  the  output  switch  lac*  In 
the  interruption  aay  be  expected  to  result  in  ex¬ 
cessive  energy  dissipation  in  the  fuse  and  hence 
lower  kinetic  efficiency.  On  the  other  hand,  clo¬ 
sure  of  the  output  switch  too  early  aay  be  expected 
to  result  in  lower  voltages  across  the  load  and 
hence  lover  Initial  1,  and  perhaps  result  In  longer 
iaplosion  ciae  for  a  given  load.  Fortunately,  froa 
a  practical  point  of  view,  the  earliest  possible 
closure  ciae  (after  start  of  Interruption  ciae) 
appears  aosc  promising  according  to  both  the  effi¬ 
ciency  and  iaploalon  ciae.  The  5  ns  value  of  ft, 
used  to  generate  the  data  ia  Fig.  4  is  aore  repre¬ 
sentative  of  practical  aulti-channel  switches  than 
ia  the  leas  chan  1  na  value  required  to  achieve 
flux  aodel  efficiency.  The  implication  ia  that  a 
"low  Jitter"  output  switch  1*  required  if  large 
values  of  ft,  are  achieved  by  the  fuse.  Figure  h 
show*  a  plot  of  kinetic  energy  and  iaploalon  ciae 
aa  function*  of  output  switch  ciae  for  a  ease  where 
X,  equal*  500  a9.  The  iaploalon  sass  was  1  x  I0""kg, 
and  the  switch  opening  ciae  (it)  was  100  ns.  For 
reference,  the  fuse  resistance  profile  la  also 
sketched.  The  figure  show*  chat  both  kinetic  energy 
and  Iaplosion  ciae  are  sensitive  to  switch  closure 
ciae.  As  expected  kinetic  energy  drops  and  iaplosion 
ciae  increases  with  later  closing  Class.  The  iaplo¬ 
alon  tins  show*  a  tendency  to  flatten  out  for  elo- 
aur*  ciae*  near  the  start  of  cha  Interruption 
12.46  wa). 


Opening  Tlae 

The  staple  flux  aodel  presuaes  chat  the  iaploalon 
ia  carried  ouc  In  two  steps.  First  a  current  inter¬ 
ruption  occurs,  then  an  iaplosion  phase  occurs.  The 
energy  transfer  is  calculated  sn  the  assuapclon  that 
Lie)  does  not  change  during  the  interruption  phase 
(i.a.,  a  static  load).  The  nuaerical  analysis  shows 
that  for  ciae  scales  of  about  3/4  of  the  iaplosion 
ciae  the  opening  switch  is  seeing  a  constant  L(c) 


tie  within  255j  before  1:  (cares  Increasing  rapidly. 
U  alto  (bows  virtually  no  ehangs  of  kinetic  energy 
for  time  scales  up  to  300  ns  which  Is  very  close 
to  755  of  the  implosion  cine.  For  opening  tines  up 
tu  500  ns  the  loss  of  efficiency  is  less  chan  53 
and  the  isplosien  cine  lengthens  somewhat  (iron 
450  to  550  ns). 

Implosion  Hass/Flnal  Velocity 
On*  of  the  advantages  of  inductively  driven  implo¬ 
sion  systens  is  the  face  that  at  least  in  the  sim¬ 
plest  model  the  kinetic  energy  coupled  is  dicta¬ 
ted  only  by  the  Inductance  ratios  and  Is  Indepen¬ 
dent  of  the  implosion  mass.  This  allows  relatively 
vide  variations  in  finsl  velocity  to  be  achieved 
independent  of  kinetic  energy  and  hence  allows 
assessment  of  the  effect  final  velocity  has  on  the 
chermalimation  process.  Figure  7  is  a  plot  of  the 
kinetic  efficiency,  final  velocity,  and  implosion 
time  as  a  function  of  implosion  mass.  The  plot 
shows  chat  for  a  full  order  of  suignitude  change 
of  implosion  mass  (5  x  10_5  to  5  x  10~*kg)  the 
change  in  velocity  is  given  by  the  anticipated 
y 10  factor  ranging  from  11.$  cmfua  to  37.3  cm/us. 
.Vs  expected  the  implosion  time  varies  over  a  simi¬ 
larly  vide  range  associated  with  the  changing  final 
velocity.  For  larger  messes  and  for  small  masses, 
the  kinetic  efficiency  suffers  somewhat.  Consi¬ 
deration  of  the  circuit  model  shows  chat  for  the 
large  sasses  the  long  implosion  time  lesds  to  re¬ 
verse  charging  of  the  bank  capacitance  (because  a 
relatively  large  current  is  flowing  in  the  "positive** 
direction  for  a  long  time  after  current  peak).  The 
energy  stored  in  the  recharging  capacitor  is  ap¬ 
proximately  3  times  the  observed  loss  in  kinetic 
energy.  For  small  values  of  mass  the  sort  dramatic 
loss  results  from  excessive  energy  dissipation  in 
the  fuse  resistance  caused  by  larger  values  of  T.V3 
at  earlier  times  in  the  Implosion. 


Conceptual  Design 

Finally,  it  is  appropriate  to  consider  the  pros¬ 
pects  for  the  success  of  a  high  energy  inductive 
storefopening  switch  system  as  a  driver  for  «  prac¬ 
tical  imploding  plasma  load.  Significant  data  has 
been  published  on  the  behavior  of  exploded  foil 


fuses  used  as  opening  switches,  but  in  general  the 


energy  level  (25  kJ)  and  the  time  scale  (10  to  a 
feu  hundred  us)  are  not  representative  of  the  be¬ 
havior  of  the  fusing  element  in  svstess  of  interest 
(2  50,  1-2  us).  The  work  most  nearly  approaching 
these  parameters  is  ths:  performed  by  the  .OTt,  at 
the  200  ki,  3-4  us  level,  preliminary  work  os  a 
100  kl,  109  kV,  1.2  us  system  has  produced  ISO  to 
200  ns  fuse  voltage  rise tine*  achieving  final  fuse 
resistance  values  greater  char.  160  a.'*.  The  corres¬ 
ponding  resistivity  of  about  400  n.Vcn  agrees  sa¬ 
tisfactorily  with  previous  empirical  data  and  ts« 
models  usee  in  this  paper.  In  this  section  the  re¬ 
sults  of  these  efforts  will  be  examined  in  light  of 
the  foregoing  analyses  ana  circuit  calculations. 
Figures  8  and  9  are  extracted  from  previous  *JV L 
work  and  show  current  and  voltage  profiles  for  a 
set  of  copper  foil  fuses  gutnehed  In  glass  beads 
for  a  variety  of  physical  lengths  and  widths  which 
maintain  a  constant  total  fuse  mass  of  25  g  (for 
1  mil  or  .0254  mm  thickness).  For  both  figures  the 
peaks  occurring  later  in  time  correspond  to  de¬ 
creasing  lengths  and  increasing  widths.  Sased  on 
preseeding  analyses  the  most  promising  choice  for 
a  fuse  might  be  the  fuse  which  produces  the  highest 
storage  current  while  still  opening  in  times  less 
than  (but  not  necessarily  much  lets  than)  the  im¬ 
plosion  time.  It  is  convenient  to  accept  the  FMSi 
of  the  voltage  pulse  as  one  measure  of  opening  time 
when  resistance  data  is  not  readily  available.  From 
Fig.  9  it  is  apparent,  as  expected,  that  the  short¬ 
est  interrupt  time  is  associated  with  the  highest 
peak  voltage  (maximum  i)  but  not  with  the  maximum 
storage  current.  Thus  compromise  will  be  in  order. 
For  the  purpose  of  this  analysis  it  was  chosen  to 
discuss  the  maximum  voltage  case.  The  FWM  of  this 
esse  is  370  ns  which  is  acceptable  for  driving  a 
400-450  ns  implosion. 


For  scaling  purposes  we  resort  to  kslsonnier's  ana- 
*> 

lysis''  which  suggests  a  cross-sectional  area  for  a 
fuse  based  on  the  parameters  of  the  driving  current 
and  on  the  physical  properties  of  the  fuse  of  Inter¬ 
est. 


•t 

S“ 


’  v  l\. 


(U) 


where  s  -  cross  section  of  fuse  (m*),  il  ■  stored 


entr gy  (J),  L  »  total  system  Inductance  (H),  V  * 
Char;*  voltage  of  capacitor  bank  (V),  and  k^a  " 
act  of  parameters  describing  tha  material  (-  1.2  x 
10ST  for  eoppar).  Tor  the  data  in  Figs.  3  ar.d  9, 

»  -  2 CO  VJ,  V  -  SO  kV,  and  L  -  47  nS.  Thais  E«.  (U’> 
would  predict  a  *  7.6  x  10"*a*.  Tha  fuaa  in  Ra¬ 
tion  was  21  ea  wide  and  1  ail  chick  ao  chat  a  - 
.OSS  en*  or  roughly  70*  of  that  pradietad  by  tha 
Haiaor.niar  nodal.  Scaling  upward  for  a  system 
where  V  *  2  ;>J,  V  »  120  kV,  and  L  -  9.2  nH.  70X 
of  tha  predicted  area  j  U  •  ,32  ca*.  A  copper 
foil  1  ail  thick  vould  then  ba  only  1.3  a  wide. 
Figure  10  show*  a  plot  of  aatarial  raalativlty  p 
vj  specific  energy  diaaipatad  in  cha  fuaa.  Tha 
functional  relationship  between  9  and  specific 
energy  is  open  to  question  but  for  simple  approxi¬ 
mations  tha  empirical  data  fig.  L*V  will  be  used. 
Recalling  that  tha  previous  analysis  indicated 
that  670  kJ  oust  be  dissipated  in  tha  fuse,  and 
taking  approximately  6  kJ/g  as  the  upper  Halt  of 
useful  specific  energy  iron  Fig.  19  indicates  that 
112  grass  of  sacerial  could  ba  utilised.  *t  a  den¬ 
sity  af  3.94  g/cc  and  a  cross  section  of  .32  ca*, 
this  Implies  a  fuse  length  of  39.2  ca.  If  it 
reaches  a  maximum  resistivity  of  320  *,;%cm,  the 
fuse  that  is  .32  ca2  x  39  ca  has  z  peak  resistance 
sjf  *0  a*.  Froa  Fig.  1  a  fuse  with  X,  of  63  oO  would 
!rive  an  implosion  to  better  than  400  k J  of  kinetic 
energy  or  222  overall  kinetic  efficiency.  One  must 
note  that  the  interpretation  attached  to  the  data 
in  Fig.  10  is  conservative  because  the  resistivity 
curve  appears  to  be  clearly  steepening  (not  yet 
Jiving  reached  the  plateau  assumed  in  our  nod  el  of 

X,}.  On  the  other  hand  Fig.  1  shows  that  while  in- 
« 

creasing  resistivity  (or  intreaslng  X,)  will  help 
somewhat  the  marginal  gains  are  small. 

In  conclusion,  it  appears  thac  simple  extrapolation 
of  already  existing  data  leads  co  a  conceptual  de¬ 
sign  for  a  fused  opening  switch  which  can  be  imple¬ 
mented  on  a  2  MJ  system.  The  resulting  plasma  im¬ 
plosion  sbculd  be  compared  against  that  which  can 
be  obtained  by  directly  driving  the  plasma  from 
the  capacitive  energy  storage.  Using  a  initial 
SHIVA  load  foil  geometry  of  7  cm  radius  and  2  cm 
height,  and  requiring  for  stability  reasons  thac 


the  direct  driven  implosion  be  complete  in  less 
than  1*1  us,  results  in  the  coupling  of  approxi¬ 
mately  100  kJ  of  kinetic  energy  co  the  implosion. 
This  performance  compares  very  favorably  with  Che 
iCOt  VJ  of  kinetic  energy  implied  in  che  previous 
inductive  storage  analysis.  The  advantage  of  che 
induccive  system  is  clearly  che  time  scale  on  which 
che  energy  la  delivered.  The  Induccive  syscem  pro¬ 
mises  100  ns  implosions  or  a  fetter  of  3  or  more 
faster  then  the  direct  driven  imploclon*.  At  this 
point  it  appears  thac  significant  gains  in  chersall- 
tacion  and  radiation  are  to  be  achieved  by  this 
modest  reduction  in  implosion  time. 
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Fig.  1.  Practical  Circuit  Representation. 


Dissipation  viriui  th«  Change  In  the  Load 
Inductance. 
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T ij*  3<  Coup linj  Fraction  versus  ch*  Change  in 
Load  Inductance. 


T ig.  }.  Dissipative  Load  laptdanet  versus  "la*. 


Fig.  6.  Kinetic  Energy  and  Xsploalon  71a«  versus 
Output  Switch  Ti*«. 
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Kinetic  Energy  and  Final  Velocity  of  the 
Inploding  Foil  versus  the  Final  Switch 
Resistance. 


Fig.  7.  Kinetic  Efficiency,  Final  Velocity,  and 
Isplosion  Tice  as  a  Function  of  Miss. 
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HIGH  SSmiTXW  RATI  MUCUTCKC  YMKEKO 
SFAJ&  SWITCH 

H.  r.  Ram  and  Ml  T.  Classy 

[.'aval  Surface  -aapcr.a  Center 
ftahljtrea,  Virginia  22*4* 


A  ainiature  triggered  spark  switch  dcsignad  eo 
operate  at  high  ctpeticlcn  rate*  has  been  con- 
structed.  The  device,  along  with  MiotUtci 
trigger  circuitry,  haa  been  Incorporated  into  a 
maple  L-C  generator  which  produce*  an  oscilla- 
tory  discharge  at  a  frequency  of  ISO  Hit.  The 
switeh  is  operated  in  the  pressure  range  760 
tort  -  2.6  x  10*  torr  using  ccaoerelal  dry 
nitrogen  as  the  working  gas.  loth  brass  an4 
aluainua  electrodes  were  investigated  for  re¬ 
petition  frequencies  as  high  as  20  Wtt  and  for 
gas  flow  rates  as  high  as  S  cs*/sec.  The  effect 
of  repetition  rate  on  awitch  jitter  and  avltch 
breakdown  voltage  is  presented  and  discussed  in 
term  of  gas  pressure  and  flow  -ate. 

Introduction 

High  repetition  rate  switching  in  che  region 
greater  than  10  kHz  can  be  accomplished  by 
thyracrons,  and  in  sons  eases,  vacuus  gaps. 
Unfortunately,  these  techniques  often  suffer  fro* 
jitter  or  Inductance  problem.  A  quenching  spark 
gap,  however,  appears  to  be  one  of  che  simplest 
and  most  efficient  devices  for  this  purpose,  if 
fast  turn  on  and  low  losses  are  desirable.  The 
general  idea  of  a  quenehlng  switch  is  one  which 
has  a  large  (>  10)  A/d  ratio  and  additionally,  a 
ssall  value  of  d.  The  quenching  action  is  based 
upon  che  fact  that  ssall  platsa  voltaes  can 
aalntain  good  electrical  conductivity  in  cha  ssall 
gap  spacing  very  soon  after  initiation  of  cha 
switch  process.  After  che  driving  potential  has 
been  reaoved,  che  ssall  plassa  voluse  can  quickly 
recover.  Excess  chersal  energy  associated  with 
cue  gap  dissipation  can  be  transferred  co  the 


switch  electrode  surfaces  or  blown  fros  the  amts 
with  sufficient  gas  flow,  it  Is  difficult,  however, 
co  provide  an  adequate  trigger  aechaniss  to  case 
advantage  of  the  high  repetition  rate  in  applica¬ 
tions  whleh  desand  precision  pulse  spacing.  Single 
stage  switch**  of  this  type  have  gap  spacing*  no 
sore  chan  a  few  nils  which  sake  it  difficult  to 
design  and  Ispltsent  a  “third  electrode**  trigger 
of  the  trlgatron  type.  The  purpose  of  this  paper 
it  to  describe  the  operaring  characteristics  of  a 
staple,  high  repetition  race,  quenching  spark 
switch,  under  gss  flow,  when  configured  as  part  cf 
a  ssall  harts Ian  generator  of  the  type  described 
by  Moran*  and  by  ochers  in  this  conference*. 

Experimental 

Figure  1  shows  a  cross-sectional  view  of  the  oscil¬ 
lator  and  the  swlrch.  The  device  has  circular 
syssecry  and  is  held  cogecher  using  several  r.ylen 
bolt*.  The  pressure  collar  i*  aade  of  plexiglass 
and  is  sealed  co  che  switch  aleecrodes  via  o-rings. 
The  electrodes  art  1.02  ca  in  dlaMcer,  giving  an 
A/d  ratio  of  approximately  SO.  In  addition,  the 
electrodes  are  resovable  for  exasinaclcn  of  wear 
and  other  electrode  effects-.  Far  our  experisents, 
we  have  investigated  both  brass  and  alualnua 
electrodes  with  6  alls  gap  spacing. 

The  electrodes  are  provided  with  a  gas  inlet 
Mediately  in  the  center  of  one  of  the  switch 
electrodes  and  gas  flow  outlet  holes  located 
around  the  periphery  of  the  ocher  electrode. 

Figure  2  shows  a  scheestic  of  the  gss  flow  and 
pressurization  scheae.  While  we  realise  that  the 
configuration  is  probably  not  optiaua  froa  a  gas 
dynamic  point  of  view,  ic  offers  aininua  inductance, 
c  desirable  characteristic  for  our  application. 
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Pipit*  1.  Cro<»  sectional  vl*v  of  oscillator  and  switch. 


Th«  working  gas  umI  U  cemerclal  dry  nitrogen. 

The  high  pressure  tubing  connecting  eh*  various 
con?or.«nc*  was  constant  diameter  And  all  components 
v*re  placed  as  elos*  to  eh*  switch  a*  possible. 

A  i!*ls*  pressure  gauge  ws*  used  end  calibrated 
with  an  Accuracy  o f  +1  pslg  (51.7  corr).  A  JUce 
faster  flew  Mt<r  us*  used  which  provided  th* 
capability  for  accurately  measuring  flow  rates  of 
eaJ/iee.  A  bleed  v*1y«  was  used  to  flush  both 
the  oscillator  and  gas  Unas  prior  to  operation. 


Figure  1.  Schematic  of  the  gas  pr«stur« 
and  flow  syscea. 


Figure  1  illustrates  schematically  :h«  system  us«d 
to  marge  the  oscillator  and  to  provide  a  reliable 
trigger.  The  oacillacor  capacitance,  Co,  (03  ?f) 
is  tnarged  through  a  variable  charging  resistor  S^. 


Whan  th*  charting  voltage  on  the  oscillator  reaches 
a  pr*s«c  value,  the  tspulse  generator  (119)  sends 


Figure  3.  Schematic  dlagraa  of  the  oscillator 

charging  system  and  trigger  amngener.es. 

a  pulse  into  the  oscillator,  rapidly  overvoicing 
the  gap,  and  causing  1c  to  fire  In  a  tine  short  In 
coapsrison  to  the  AC  charge  tine,  the  diodes,  D, 
are  so  arranged  to  prevent  the  oscillator  froa  dis¬ 
charging  through  the  secondary  of  the  impulse  gen¬ 
erator  transformer  or  alternatively  through  the 
power  supply.  As  a  result,  the  energy  froa  the 
Impulse  generator  is  added  to  thac  of  the  power 
supply  so  chat  no  energy  is  wasted  froa  the  trigger 
pulse.  The  energy  scored  in  the  oscillator  ia 
"latched"  In  and  can  dissipate  rapidly  by  firing 
switch  5  or  slowly  leak  off  through  the  back 
resistances  of  the  diodes. 

The  pulser  itself  Is  a  Velonlx  model  350  with  the 
output  transformer  modified  to  provide  pulses  as 
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hi yh  3*  12  kV  into  s  matched  load.  ?rior  co 
running,  the  jurist**  were  ground  flat  and 
aecallurgicallv  polished  a*  described  elsewhere^. 
Figure  4  summarises  the  operating  characteristic* 
o i  the  experlaent.  Figure  *a  show*  the  voltage- 
tin*  history  ss  provided  by  the  sain  power  supply 
(top  trace)  and  the  output  of  the  impulse  generator 
uover  irate).  Figure  *b  illustrates  the  iinal 
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Figure  4.  Voltage-tin*  crates  for  the 
oscillator  and  switch. 

(a)  Top  trace  is  noraal  PC  charge  for 

oscillator,  500  volcs/cs,  2  **/c=.  bottom  trace 
is  trigger  pulse  from  impulse  generator  1000  volts/ 
cs,  2  as/cs. 

(b)  Socccm  trace  is  noraal  RC  charge  for  oscil¬ 
lator,  500  volts/ca,  .2  s*/cs.  Top  trace  shows 
ispulse  charging  of  oscillator  and  overvoltage 
which  oecurs  as  a  result  of  ispulse;  500  voles/ 
c»  200  ns/ca. 

(c)  Superposicion  of  50  pulses  co  illustrate 
<iccer,*  500  voles/ca,  10  ns/c=. 

vd)  Output  usvofors  for  oscillator;  200  volts/ 
cs,  20  ns/ca. 

ispulse  charge  provided  iron  the  trigger  generator. 
Figure  4c  illustrates  the  repeatability  of  the 
trigger  syscea  and  shows  jitter.  For  our  purposes, 
vc  define  Jitter  as  the  saxiaua  spread  in  switch 
tises  as  inregrated  over  several  seconds  or 
several  hundred  events  chosen  at  randoa.  For  this 
experiment,  we  routinely  stapled  400  separace 
trigger  events  co  detarsine  the  distribution. 


however,  the  photo  shows  some  50  events.  Figure 
ad  shows  the  SUF  envelope  for  the  oscillator  out¬ 
put.  The  syscea  impedance  is  about  3  ohas  which 
ensures  a  large  dssping  constant  (Q  *  3}  and 
maximum  current  in  the  klloa^iere  range. 

The  value  of  the  charge  resistor  can  be  chosen 
ouch  that,  at  a  given  frequency,  saor*  than  ?0S  of 
the  energy  1*  provided  by  the  main  power  supplv, 
thereby  placing  very  little  strain  on  the  puls* 
generator.  In  these  experiments,  however,  w*  did 
not  always  operate  in  this  mode  but  held  Xc  con¬ 
stant  (1.05  «3)  for  convenience. 

Discussion 

Among  the  factors  uhicl.  could  affect  the  breakdown 
voltage  in  a  system  are  puls*  repetition  rate,  gas 
flow  rate,  gas  pressure,  electrode  material,  gas 
species,  end  dm*  rat*  of  change  of  the  trigger 
pulse.  In  our  experiment*,  we  varied  the  first 
four  of  these  parameters  while  holding  the  other 
factors  constsnt  to  a  first  approximation.  For 
the  range  of  fields  Investigated  (up  to  260  kV/ea) 
varying  Che  electrode  material  did  not  appear  to 
influence  the  breakdown  voltage.  Slight  devia¬ 
tions  were  sometimes  noted  but  these  were  w*U 
within  the  experimental  error.  The  effect  of 
pressure  on  the  static  breakdown  voltage  is  well 
documented3  and  our  results  are  consistent  with 
Cookson4.  However,  under  impulse  charging  and 
flowing  gas  conditions,  the  breakdown  voltage 
(illustrated  in  Figure  5)  Increased  up  to  a  value 
as  high  as  302  graater  than  the  static  value  and 
slowly  decreases  as  rhe  pulse  repetition  frequency 
is  increased.  Ac  a  pulse  repetition  frequency  of 
20  kHs,  the  firing  voltage  for  the  switch  has 
dropped  co  a  value  about  2/3  of  the  static  value. 
The  effect  of  flow  was  alnlaal  on  the  breakdown 
voltage  (over  the  range  investigated)  and  in  gen¬ 
eral  was  confined  co  pulse  frequencies  less  than 
3  kHs.  '«'e  attribute  this  to  the  multitude  of  other 
factors  which  could  be  active  in  determining  the 
breakdown  voltage  for  the  gap  (e.g.,  particulate 
natter  of  a  sire  cosparable  co  the  gap  spacing, 
thermal  energy  deposited  ir.  the  electrode  surface 
and  gas,  plesas  in  the  gep  due  to  previous  dis¬ 
charge.) 
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Figure  3.  Effect  o f  puli*  repetition  frequency 
and  flew  rat*  on  average  breakdown  voltage  a* 
a  function  of  j»i  flow. 


At  4  constant  54*  pressure,  without  t*«  flow, 
actons  tutorial  affects  ar«  present  if  the  ge?  is 
to  be  operated  in  a  triggered  mode.  For  aluminum 
ue  could  achieve  stable  triggered  operation  over 
the  entire  pressure  rang*  investigated  with  minimal 
jitter  in  the  2-3  kHz  repetition  range.  Sjr  concraet 
we  could  only  achieve  quasl-stabl*  operation  uaing 
braes  electrodes.  Table  1  summarize*  some  of  the 
data  far  aluxinus.  The  ?! IF  at  which  the  Jitter  is 
a  ainlsun  is  not  well  defined  but  extends  soae 
3  .r  .  kHz  on  either  side  of  the  value  quoted. 


Table  1.  Jitter  Data  for  Aluminum 
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The  effect  of  flow  far  both  aluminum  sad  bras* 
electrodes  was  to  sake  the  switch  operate  with 
less  Jitter  over  the  entire  range  of  parameters 
investigated.  The  decrease  in  Jitter  was  quite 
draaacle  in  brass.  Figure  6  illustrates  the 
effect  of  gas  flow  on  the  switch  Jitter  for  brass 
electrodes  at  atmospheric  pressure.  The  value* 
given  without  flow  showed  no  systematic  variation 
with  rapeticioa  frequency  and  are  ac  best  esti¬ 
mate*  of  the  maximum  jitter  at  the  cine  of  obser¬ 
vation. 


Figure  6.  affect  of  pulse  repetition  frequency 
on  the  suxiaim  jitter  for  various  flow  rates. 
Electrodes  are  braes.  Cas  pressure  is 
.76  x  1CJ  torr. 

Mien  flow  was  iniciaced,  the  gap  would  run  scable 
under  any  condition  investigated  in  our  experiments 
At  atmospheric  pressure,  the  minimum  in  the  Jitter 
distribution  occurred  ac  3  kHz  similar  to  thac 
observed  for  aluminum  (Table  1)  and  then  slowly 
increased  up  co  the  maximum  repetition  frequency 
investigated. 
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The  effect  of  pressure  is  equally  dramatic  for 
constant  flow  race.  The  trends  are  stall a r  fo  • 
aluminum  and  brass  buc  differ  considerably  in 
absolute  magnitude.  Figure  7  illustrates  the 
effect  of  repetition  frequency  on  Jitter  using 
brass  electrodes  for  several  pressures.  The  flow 
rate  was  held  constant  at  8  cmJ/stc.  The  Increase 
m  jitter  at  higher  repetition  races  is  probably 
associated  with  the  Increased  surface  damage, 
larger  volume*  of  plasma  still  in  the  gap,  and 
electrode  heating  effects  which  enhance  field 
esission.  The  minimum  jitter  occurs  at  lower  pulse 
repetition  frequencies  as  the  pressure  Increases, 
it  ivas  been  shown  that  the  disaster  of  the  "spark 
discharge"  increases  with  pressure*.  If  we  assume 
shat  this  dlaaeter  defines  the  aaount  of  plasaa 
associated  with  a  particular  event,  we  can  readily 
escisate  the  plasaa  volume  associated  with  the 
switch  at  any  given  gas  flow  race  and  repetition 
rate.  This  number  is  approximately  constant  at 
3.4  *.l  x  10-‘caJ  for  the  data  shown  in  Figure  7. 
Similar  results  were  also  obtained  for  aluminum. 


PRF  kht 

Figure  7.  Effect  of  pulse  repetition  frequency 
on  maximum  switch  jitter  for  constant  flow 
rate  (8  cn3/sec)  for  various  pressures. 


Figure  S  illustrates  a  typical  distribution  of 
switch  firings  normalised  with  respect  to  the 
maximum  in  the  nuaber  of  switch  events  at  a  specific 
triggering  time  after  the  impulse  was  applied. 

These  data  were  taken  at  a  flow  race  of  8  caJ/sae, 
FRF  of  3  kHc,  and  acsospherlc  pressure.  The  curvet 
represents  some  400  individual  events,  taken  at 
random,  over  a  period  of  several  minutes.  The 
distribution  for  brass  electrodes  is  approximately 
Caussian  and  the  extrema  agree  well  with  the  tax  lea 
jitter  as  observed  directly  from  che  oscilloscope. 
The  results  for  aluminum  were  complicated,  and  we 
attribute  this  to  local  defects  such  as  that  shown 
in  Figure  9  which  eventually  grow  co  such  an  extent 
that  che  gap  is  effectively  shotted  out.  W«  did  not 
observe  similar  failure  in  brass  although  running 
times  of  several  hours  were  sometimes  involved.  In 
general,  aluminum  failed  after  some  43  minutes  with 
a  drastic  increase  in  jitter  and  a  decrease  in 
breakdown  voltage,  and  in  all  cases  a  localised 
damage  area  was  observed. 


Figure  8.  Jitter  distribution  in  brass  and 
aluminum,  pressure  760  r.orr,  flow  rote 
8  ca3/sec,  pulse  repetition  frequency  5  kHs. 
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Figure  9.  Failure  rone  on  aluminum 
electrode  surface. 

Summary 

Staple  spark  switches  c-n  be  aede  to  operate  in 
a  triggered  node  for  frequencies  as  high  as  20 
kllr  vich  a  maximum  of  30Z  decrease  in  the  break¬ 
down  voltage.  In  so  far  as  we  investigated, 
there  is  very  little  effect  of  tutorials  on  the 
average  breakdown  voltage  of  the  switch,  there 
are,  however,  large  aacerial  effects  associated 
with  switch  Jitter  which  are  probably  due  to  sur¬ 
face  cheuiscry  and  contamination  of  the  working 
gas  by  particulate  natter,  blown  from  the  surfaces. 
Introduction  of  gas  flow  greatly  enhances  sta¬ 
bility  end  often  results  in  orders  of  nagnitude 
reduction  in  switch  jitter,  the  effect?  of  gas 
pressure  are  priaarily  to  increase  jitter  at 
higher  repetition  frequencies  and  rs  decrease  and 
better  define  the  repetition  fnquency  at  which 
the  ninisua  in  jitter  occurs. 
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SURFACE  AGING  IS  HICK  REPETITION  RATE 
SPARK  SWITCHES  WITH  ALtRttSEM  AND  BRASS  ELECTRODES 
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Abacract 

Thu  surface  aging  of  chc  eleccrodes  of  miniature 
spark  switches  (A/d  v  50)  li  explored  using 
cosQcrcial  dry  nicrogen  as  the  working  gas.  Both 
brass  and  aluminum  electrodes  were  investigated 
for  aging  characteristics  using  a  constant  gas 
flow  rate  of  8  cn5/sec.  The  gas  pressure  was 
varied  froa  760  torr-5200  torr.  The  switches  were 
constructed  as  an  integral  part  of  a  miniature 
l-C  oscillator  which  has  a  ringing  frequency  of 
approximately  150  MHz.  The  aging  process  was 
halted  at  Intervals  ranging  froa  one  to  several 
thousand  discharges  and  the  electrode  surface 
examined  with  a  scanning  electron  alcroscope. 


Introduction 

The  problems  of  electrode  wear  arc  relevant  to  many 
applications  Involving  high-speed  twitching  such 
as  the  relay  systems  used  in  telecommunications. 
Previous  work  in  this  area  has  identified  several 
mechanisms  which  govern  the  dynamics  of  the  forma¬ 
tion  and  subsequent  growth  of  spark  induced 
damage^.  In  addition,  high  repetition  rate,  pulsed 
pouer  systems  are  being  constructed  which  employ 
spark  switches  that  must  carry  orders  of  magnitude 
greater  current  and  energy.  These  systems  may  use 
different  gases,  electrode  materials,  gas  pressures 
and  gas  flow  rates  to  minimize  erosion  and  resis¬ 
tive  losses  while  maximizing  switch  lifetimes  and 
maintaining  acceptable  operating  parameters. 

Common  to  all  of  these  devices  are  the  fast  tran¬ 
sient  currents  which  can  produce  discharges  exhib¬ 
iting  glow  and  arc  characteristics.  Several 
Investigators  have  explored  the  effect  of  electrode 


e  a 

surface  coatings'*  and  crystallographic  orlanta- 

4 

tlon  on  breakdowns  in  gases.  It  hat  been  shown 
chat  even  chin  (v  10~7  cm)  coatings  can  greatly 
alter  the  breakdown  characteristics.  It:  systems 
demanding  high  average  power,  surface  heating  can 
easily  Induce  chemical  reactions  between  the  working 
gas  and  electrode  material.  These  reactions  alter 
the  aulteh  characteristics  by  forming  brittle 
compounds  which  can  flake  off  the  metal  surface 
affecting  breakdown  voltage  end  Jitter. 

In  our  laboratory,  we  are  currently  experimenting 
with  small  hertzlan  generators  which  must  operate 
continuously  for  long  periods  of  time  at  pulse 
repetition  races  of  10' s  of  kilohertz.  In  another 
paper  in  this  conference  by  Rose  and  Clancy5, 
switches  were  described  which  were  part  of  a  simple 
Oscillator  with  a  ringing  frequency  of  approximately 
150  MHz.  By  employing  gas  flow,  it  is  possible  to 
operate  these  devices  at  high  repetition  races  (up 
to  30  kHz)  for  long  periods  of  tine.  The  total 
energy  expenditure  nay  be  hundreds  of  kilojoules. 

It  is  the  purpose  of  this  paper  to  explore  the 
surface  aging  phenomenon  and  wear  characteristics 
of  switches  of  this  type. 

Experimental  Procedure 

The  basic  oscillator  has  been  described  by  Moran5. 
Our  only  modification  to  this  design  was  to  provide 
for  syzeecric  gas  flow  and  removable  eleccrodes. 

In  Figure  1,  the  basic  oscillator  has  capacitance 
<CQ)  of  433  pf  and  inductance  (2L  )  of  4.3  nH. 

These  values  correspond  to  characteristic  oscilla¬ 
tor  impedance  of  approximately  3  ohms.  The 
oscillator  is  fitted  with  a  pressure  collar  and 
flow  system  capable  of  flow  races  as  high  as  80 
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‘  Fig.  1.  Scheaadc  of  basic  charging  circuit 

3  4 

ca  /see  ac  pressures  aa  high  aa  11.4  x  10  texr 

with  an  abaoluca  accuracy  of  SO  corr  la  praaaur* 

and  flow  races  of  .4  ca\'aac.  In  cha  axparlaanea 

alaad  ac  axaalnlng  slngla  dlacharga  apoca,  uaa 

choaan  to  glva  a  claa  conacanc  on  cha  ordar  of  .2 

aac.  Thla  valua  was  choaan  CO  allow  cha  gaa  flow 

co  affaccivaly  cool  cha  altccroda  aurfaca  and 

retaova  any  affacca  dua  co  gaa  concaainacion.  A 

charging  choke  U-c)  uaa  Inaarcad  In  cha  charging 

llna  co  alnlalze  radlaclon  loaa  ac  ISC  MHz.  For 

chaaa  axparlaanea,  praaaura  uaa  varlad  whlla 

maintaining  a  conacanc  flow  raca  of  8  ca3/sec. 

The  oaclllacor  uaa  allowed  co  run  ac  a  low 

rapadclon  raca  undl  savaral  hundred  dlacharga 

evcr.es  occurred. 

The  expedience  co  characcerlra  long  can  uaar  and 
surface  aging  used  cha  sane  experimental  apparacua 
described  by  Pose  and  Clancy^.  A  pulse  rapadclon 
frequency  of  S  khz  and  a  flow  raca  of  8  ca'Vsac 
were  held  conscanc  uhlle  pressure  uaa  varied. 

Figure  2  shows  half  of  che  oaclllacor  vrlch  chose 
pordons  narked  A  and  3  serving  as  che  eleccrode 
and  oaclllacor  capacitor  respectively.  The  elec- 
troda  surfaces  were  initially  levelled  on  a  surface 
place  ulch  <*500  silicon  carbide  paper  and  were  then 
mechanically  polished  using  .3  and  .OS  aicron 
alualna  powder.  Each  portion  was  given  a  thorough 
cleansing  In  an  ultrasonic  bach  ulch  a  final  rinsu 
using  echyl  alcohol. 

Annular  dielectric  discs  ware  placed  beeween  che 
oscillator  halves  to  determine  the  syscen  capaci¬ 
tance  and  gap  spacing.  A  conscanc  spacing  of  S 


Fig.  2.  One-half  of  che  L~C  oscillator 


alia  was  used  throughout  our  axperlaencs.  Prior 
co  cha  beginning  of  each  s..$orlaenc,  che  syacea 
ues  flushed  for  several  alnuces  ulch  coaaerclal 
grade,  vecer-puaped  nlcrogen  gas,  which  also 
sarved  aa  che  working  gaa  In  che  sulcch. 

kesulcs  and  Discussion 

After  a  given  experlaenc,  che  eleccrodes  were 
reaoved  and  examined  for  surface  damage  using  an 
AMR  model  1000A  electron  alcroscope.  The  speclaen 
were  aounced  in  che  alcroscope  holder  In  such  a  way 
chac  Che  beaa  arrived  noraal  co  che  surface  vlchln 
a  degree  or  cvo.  The  error  introduced  by  speclaen 
cilc  was  therefore  less  chan  che  statistical  spread 
In  spot  dlanecer.  The  Individual  spocs  appeared 
reasonably  circular  ulch  fine  scruccure  around  che 
periphery  uhleh  uas  preasure  and  energy  dependent. 

In  each  experlaenc,  several  hundred  spark  events 
were  allowed  co  occur  as  shown  In  Figure  3  while 
slsulcaneously  monitoring  che  voltage  level  ac 
which  Che  evencs  occurred.  In  agreement  wlch  che 
resulcs  of  Cookson^  and  Coaces  ec  al,'  several 
discharges  occurred  before  che  breakdown  voltage 
reached  a  relatively  conscanc  value.  In  our  analy¬ 
sis,  we  cended  co  ignore  ssall  spocs  which  we 
accribuced  co  breakdowns  during  che  initial  condi¬ 
tioning  portion  of  che  experlaenc.  As  can  be  seen 
in  Figure  ?>,  che  spark  evencs  occurred  ac  randoa 
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on  the  electrode  face  which  confined  surface 
planarity  and  the  statistical  nature  of  ch«  dlstri- 
bution  of  surface  irregularities  responsible  for 
breakdown.  Individual  spot*  began  to  coalesce  to 
fora  a  roughened  surface  as  the  density  of  the 
spots  increased. 


Fig.  3.  Overall  view  of  aluminum  electrode 
after  spark  discharge.  Cas  pressure  3.16  x 
193  torr.  Large  center  hole  is  inlet  port 


for  gas. 

For  both  brass  (60S  Cu,  40Z  Zn)  and  alueinua  (99. 91) 
electrodes,  vc  observed  three  different  regions  of 
surface  damage  which  could  be  attributed  directly 
to  a  spark  discharge.  Each  individual  spot  con¬ 
sisted  of  a  central  core  containing  Dost  of  the 
dasage  as  evidenced  by  surface  Belting,  cratering, 
and  surface  flaking.  This  region  was  surrounded 
by  a  diffuse  dasage  area  which  was  described  by 

Q 

Augls  ec  el  as  the  result  of  a  constricted  glow 
discharge.  Surrounding  these  areas,  we  observed 
a  dark  ring  which  was  aosc  likely  a  product  of 
thermal  dissipation  in  the  surface  filas. 

Figure  &  illustrates  typical  dasage  from  individual 
discharges,  picked  from  the  extreaa  of  our  investi¬ 
gations.  For  both  brass  and  alusinua,  the  spots 
shown  are  on  the  electrode  initially  at  systes 
ground.  The  dasage  on  the  side  initially  charged 
positive  was  sisilar  and  differed  soscly  in  severi¬ 
ty.  It  is  obvious  from  Figure  4  that  an  individual 
discharge  in  aluminum  produces  Dore  surface  dasage 
as  indicated  by  aelting,  chan  it  does  in  brass. 

In  addition,  the  daaaged  area  is  larger  in  brass 


than  In  alusinua  for  the  sase  input  energy.  Thle 
Is  consistent  with  a  higher  melting  point  and  lower 
thermal  conductivity  for  brass. 

Table  l.  Summary  of  Data  for  brass  and 


Aluminum  Electrodes 


Treasure 
Torr  x  103 

Voltage 

kV 

Energy 

Damage  Area  i 
c='  x  lC-» 

+ ;  i 

*  i 

CuZn 

t 

.76 

1.4 

.42 

4.61 

3.23 

1.29 

2.5 

1.35 

10.50 

9.98 

2.58 

3.4 

2.30 

12.80 

14.10 

3,87 

3.8 

3.13 

16.50 

16.60 

5.16 

4.8 

4.99 

17.40 

27.60 

Al 

i 

.76 

1.4 

.42 

3.76 

2.15 

1.29 

2.3 

1.15 

7.87 

8.84 

2.58 

3.0 

1.94 

15.55 

10.86 

3.87 

4.1 

3.55 

14.81 

11.40 

5.16 

5.1 

5.52 

21.02 

17.18 

Table  1  suaaarizes  the  effects  of  pressure  and  the 
energy  in  the  discharge  on  the  damage  area.  This 
area  was  taken  to  be  the  area  of  a  circle  whose 
boundary  enclosed  all  portions  of  the  central  core 
region,  including  filamentary  traces.  As  the 
pressure  in  the  gap  was  raised,  the  energy  associ¬ 
ated  with  the  discharge  increased  with  a  correspond¬ 
ing  increase  in  spot  area. 

The  surface  of  both  electrode  materials  contained 
debris  which  apcctroscopic  analysis  revealed  to  be 
various  mlxcures  of  the  parent  metal.  The  x-ray 
analyser  on  the  microscope  was  Incapable  of  detecting 
elements  with  atomic  numbers  less  than  twelve; 
hence,  we  were  unable  to  determine  the  exact  com¬ 
position  of  the  debr's.  However,  some  of  the 
particles  exhibited  evidence  of  surface  charging 
in  Che  electron  beam  which  is  typical  of  insulating 
materials.  Because  the  gas  composition  was  approxi¬ 
mately  99.9X  H2,  we  infer  that  these  particles  were 
brittle  metal  nitrides  which  flaked  off  in  the 
flowing  gas  scream.  The  formation  of  such  parti¬ 
cles  is  illustrated  in  Figure  5.  Figure  5c  shovB 
a  magnified  portion  of  a  debris  field  on  a  "fully 
aged"  electrode  surface.  Both  angular  (insulating) 
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c.  D. 

figure  4.  Typical  discharge  apocs  show  she  efface  of  pressure  on  spot  size  anc  caaage. 


Electrode  Initially  at  syscea  ground 

•i 

A.  Alualnua  7.6  x  10'  corr 
•* 

Srass  7.6  x  10*  corr 

and  globular  (pure  metal)  particles  can  be  seen. 

If  the  device  Is  allowed  to  run  for  thousands  of 
shots,  the  Individual  discharge  spots  coalesce. 

To  examine  this  phenomenon,  we  ran  saaples  In  the 
assenblv  described  by  Rose  and  Clancy^  using  the 
experimental  parameters  described  previously. 

These  parameters  permitted  roughly  5  discharges  to 
occur  before  the  gas  was  swept  from  the  switch. 

Tor  short  times.  Individual  spot3  could  be  distin¬ 
guished  and  were  similar  to  chose  In  Figure  3.  As 
the  numoer  of  discharges  Increase,  spots  merge  to 
farm  aaottled  surface,  beginning  first  near  the 
iuter  rim  at  the  electrode  surface  and  moving 


3.  Alualnua  6.16  x  10^  tort 
D.  3rass  5.16  x  10^  corr 

progressively  Inward  as  the  running  time  Increases. 
This  Is  consistent  with  the  Idea  that  hoc  gas  and 
debris,  flowing  outward  froa  discharges  near  the 
center,  enhanced  the  probability  of  breakdown 
towards  the  periphery. 

Figure  6  Illustrates  In  both  brass  and  alualnua 
the  surface  details  of  long  ttra  aging  under  flow. 
For  these  photographs,  the  pressure  was  one  acmos- 
phere.  Similar  structure  was  observed  for  higher 
pressures  with  differences  only  in  the  degree  of 
damage. 

The  area  to  the  right  In  Figure  6a  Is  the  area 
Immediately  beneath  the  flow  Inlet  on  the  apposite 


A.  B.  C. 

Fig.  5.  View*  showing  fishy  mechanism  rtsponsible  in  past  for  electrode  wear. 
A.  Interior  of  a  discharge  spot  aluminum 
5.  Interior  of  a  discharge  spot  brass 
C.  Debris  field  after  aging  brass 


electrode.  As  one  move*  out  along  a  radial,  cha 
discharge  density  increases  until  individual  events 
are  no  longer  discernable.  Figure  6b  is  a  higher 
magnification  photo  of  the  transition  region 
between  single  spots  and  the  eroded  outer  portion. 
This  region  Is  also  characterised  by  considerable 
debris  of  the  type  shown  in  Figure  5.  Figure  6c 
and  6d  illustrate  in  detail  the  heavily  worn 
region.  Surface  selling  and  further  erosion  by 
both  metallic  particles  and  cospounda  is  obvious. 

Due  to  extreme  temperature*  evident  in  Figure  6, 
x-ray  eslsslon  spectroscopy  was  used  to  detcralne 
the  chesical  composition  in  various  regions  along 
the  surface.  For  reasons  scncloned  previous,  the 
analysis  is  confined  to  elesencs  greater  than  atomic 
number  12.  In  Figure  6a  (brass),  tha  intensity  of 
the  emitted  x-rays,  in  the  area  benaath  the  flow 
outlet,  associated  with  the  copper  and  cine,  was 
in  the  ratio  of  1000:500.  A  separate  scan  on  a 
piece  of  che  initial  material  confirmed  this  to  be 
the  intensity  ratio  of  the  brass  as  received.  In 
the  transition  region  shown  in  6b,  the  intensity 
ratio  changed  to  1000:700  indicating  a  substantial 
increase  in  zinc.  In  che  heavy  wear  region,  the 
intensity  ratio  was  1000:350  indicating  a  depletion 
of  :inc.  In  the  region  along  the  electrode 
periphery  the  intensity  ratio  returned  to  1000:700 
indicating  zinc  rich.  The  mlgracion  of  zinc  out 
of  che  syseem  was  confirmed  using  color  phocography. 
Free  copper  could  be  seen  on  che  surface  in  the 
heavily  damaged  region.  The  boiling  points  of 


copper  and  zinc  are  2840°K  and  1 15Q°K.  The  melting 

point  of  brass  is  1173°K.  *hlle  1:  it  impossible 

in  our  experiment  to  obtain  a  direct  measurement 

of  the  temperature  gradient  near  the  electrode 
a 

surface,  others  have  estimated  the  surface  temper¬ 
atures  to  be  as  high  as  6000°K  in  similar  experi¬ 
ments.  It  is  therefore  reasonsble  for  the  two 
constituents  to  separate ,  due  to  che  lover  boiling 
polnr  of  zinc,  and  for  zinc  to  migrate  to  the 
cooler  regions  of  che  electrode  which  are  obviously 
in  che  transition  region  and  along  the  outer  rim. 
Similar  scans  of  aluminum  failed  to  reveal  anythin; 
but  aluminum  due  to  the  purity  of  che  material 
involved. 

A  surface  profllomecer  scan  is  shown  in  Figure  *. 
The  surfaces  appeared  remarkably  uniform  and 
shoved  surface  irregularities  on  the  order  of  1  mil 
even  though  hundreds  of  kilojoules  of  energy  were 
dissipated  in  the  gap.  The  scan  was  measured  sbouc 
a  line  joining  the  cencer  region  to  a  point  on  the 
periphery  at  a  similar  elevation.  A  scan  such  as 
this  presents  only  surface  topography. 

Suaan 

We  have  examined  the  surface  aging  characteristics 
of  spark  switches  operated  at  an  intermediate 
repetition  race  and  under  gas  flow.  The  damage 
produced  by  individual  discharges  was  found  to  be 
a  strong  function  of  pressure  and  energy.  As  che 
number  of  discharges  increased,  che  spots  coalesced 
to  form  a  mottled  surface  vich  irregularities  on 
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C  of  sUcttcde 


Fit-  7.  Profile  of  bras*  eleccrodt  surface 
i!:«:  aging  for  30  minute#  a:  a 
pressure  of  2.5S  x  10^  torr. 

the  order  of  10*  of  the  |ap  spacing.  The  primary 
erosion  mechanisaa  were  the  formation  of  metal 
nitrides  and  aecal  particles  a  few  micron*  In 
dlasecer.  The  erosion  characteristic#  for  brass 
are  distinctly  different  than  those  for  aluminum 
due  to  thermal  induced  saparatlon  of  the 
constituents. 
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Abstract 

13)*  erosion  characteristics  of  a  spark  |>r  with 
parallel-plan*  electrodes  ar*  fivtarmiaed  at  atmos¬ 
pheric  and  vacuus  pressures.  Erosion  aa  a  loan  of 
electrode  material  la  measured  In  a  ;aa|«  fro*  200 
to  1000  asperea.  Th*  severity  of  electrode  erceion 
la  found  to  ba  calatad  to  apot  formation,  awl tchlag 
rataa,  salting  point  of  tha  alactroda,  praaaura, 
and  gap  length.  Erosion  valuaa  for  a  pulaad  cur¬ 
rant  art  given  for  alualsu*,  braaa,  and  carbon. 


Introduction 

Tha  major  Uniting  factor  of  apark  gap  lifetime  la 
uaually  related,  lr.  on*  way  or  th*  other,  to  tha 
aroaion  character!* tiea  of  th*  material  uaad  Inch* 
gap.  Very  little  Information  la  available  on  ero¬ 
sion  of  electrode  satarlal  under  repetitive  pula* 
tiparation.  Tha  prlaary  objective  of  thia  reaearch 
is  to  gather  data  In  an  effort  to  determine  the 
characteristics  of  electrode  erosion  tmder  rep¬ 
rated.  square  puls*  operation.  Th*  testa  were  con¬ 
ducted  at  both  ataoapheric  (760  corr)  and  low 
i*50w)  pressure  and  for  peak  currenca  of  200  to 
1COO  asperes.  The  rep-rates  used  for  these  testa 
were  10  and  30  pulses  per  second  (ppa).  The  mate¬ 
rials  studied  were  aluminum,  brass,  and  carbon. 

The  test  gap  was  over-volted  by  a  square  pulse, 
so  thac  anode  and  cathode  were  well  defined  (no 
rinsing  discharge). 

It  uas  found  thac  spot  formation,  malting  point  of 
the  material,  rep-race,  pressure,  and  gap  length 
affected  electrode  erosion.  At  low  currents,  the 
cathode  undergoes  a  destructive  procesa  while  the 
anode  is  not  significantly  affected.  Aa  the  cur¬ 
rent  is  increased,  a  cransicion  occurs  in  which  the 
anode  begins  to  erode.  Ac  high  current,  both  cath¬ 
ode  and  anode  erosion  is  measureable.  Electrodes 


constructed  of  material  with  low  melting  points  per¬ 
form  beat  at  lov  currents  while  high  melting  point 
material*  perform  best  at  higher  currents. 

Teat  Circuit 

The  apark  gap  is  triggered  by  over- voicing  the  gap. 
The  circuit  la  shown  la  Figure  1.  The  output  of 
the  pulse  generator  consists  of  a  well-defined  rec¬ 
tangular  pula*  so  that  the  anode  and  cathode  ar* 
easily  Identified.  The  pula*  la  20  microseconds 
long  and  has  a  rise  and  fall  time  of  lass  than  1 
microsecond.  A  Type  E  puls*  forming  network  is 
used  to  shape  the  pulse  and  has  a  characteristic 
impedance  of  12  ohms.* 


A  thyracron  Is  used  to  switch  the  voltage  across  the 
test  gap.  Vhen  th*  gap  breaks  down,  the  major  por¬ 
tion  of  the  energy  scored  la  th*  puls*  forming  net¬ 
work  is  dissipatsd  in  a  copper  sulface  solution  re¬ 
sistor.  Mien  high  currant  tests  ar*  conducted,  a 
2:1  transformer  is  inserted  In  the  circuit  ae  shown 
in  Figure  2.  This  test  circuit  is  capable  of  oper¬ 
ation  up  to  300  pps  and  peak  currents  of  2.5  kilo- 
amps  using  the  step  down  transformer. 


Figure  1:  Spark  gap  test  circuit. 
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Figure  2:  Spark  gap  test  circuit 
with  pulse  transformer. 


395 


EUetrode  Teat  fixture 

The  c«it  fixture  used  to  hold  the  electrode*  is 
shown  in  fijun  3.  This  fixture  consist*  of  s 
quarts  (last  cylinder  that  Is  held  in  place  between 
tvo  aluainis  end-plates  and  la  vacuo*  eight.  The 
anode  electrode  is  held  In  place  by  a  fixed  copper 
collet.  The  cathode  Is  also  held  In  place  with  a 
copper  collet;  however,  it  is  free  to  aov*  on  an 
aluainua  shank.  The  gap  length  between  the  saaple 
electrodes  nay  be  varied  with  the  use  of  a  ale  ro¬ 
ne  ter  located  on  the  exterior  of  the  test  chaafcer. 
Pressures  as  low  as  20  micron*  nay  be  Maintained 
within  the  gap  by  using  a  Mechanical  roughing  pump. 


Figure  3:  Spark  gap. 


Electrode  Saaplei 

The  electrodes  consist  of  cylindrical  rods  arrange! 
end-to-end  in  a  parallel  plane  geoaetry.  The  ends 
of  the  electrodes  are  aachined  s*ooth.  Before  the 
electrodes  are  weighed,  each  ia  ultrasonieally 
cleaned  to  reaove  any  foreign  aaterial. 

A  very  critical  paraaeter  related  to  electrode  ero¬ 
sion  is  gap  length.  It  has  been  shown  that  the 
anode  erosion  is  proportional  to  where  i,  d, 

and  I  are  gap  length,  electrode  diameter,  aadtleo- 

2 

erode  current,  respectively.  In  order  to  Insure 
that  variations  in  gap  spacing  are  cinlslxed,  the 
gap  length  waa  adjusted  periodically  to  equal  the 
electrode  disaster.  This  ratio  of  the  gap  length 
to  the  electrode  was  salntainad  throughout  aosc  of 
the  tests  conducted.  The  elaccrodcs  were  weighed 
on  an  analytical  balance  chac  allowed  weight  lose 
to  be  determined  to  an  accuracy  of  0.1  mg.  During 
a  typical  erosion  rest,  approximately  30  coulosbs 
of  electric  charge  were  transferred  by  the  gap  and 
the  gap  spacing  was  adjusted  after  15  couloabauere. 
transferred. 


Erosion  gesults 

The  erosion  results  have  been  normalised  with  re¬ 
spect  to  the  electric  charge  transferred  and  are 
presented  in  gras*  per  coulosb  versus  peak  current 
in  Figures  a  thru  13.  The  electrodes  were  changed 
after  each  test  in  order  to  have  a  fresh  surface  at- 
posed. 

Figures  4  to  7  show  the  erosion  curves  for  aluminum 
brass,  and  carbon.  The  electrode  disasters  and  gap 
lengths  were  0.75  aat.  The  spark  gap  was  operated 
at  a tai spheric  pressure  with  a  pulse  rate  of  10  ??*. 
So  atteapt  was  made  to  flow  gas  through  the  gap. 
These  curves  show  that  cathode  erosion  is  present 
for  all  materials  for  the  lower  range  of  pulse  cur¬ 
rent  («  250  A)  while  the  anodes  show  no  asasureable 
wear.  Aluatinus  and  brass  have  anode  erosion  start¬ 
ing  around  the  saac  peak  current.  It  would  seen 
that  anode  spots  begin  to  fora  arotnd  250  A.  Anode 
and  cathode  erosion  follow  the  saae  general  trend 
until  a  plataau  is  reached.  After  the  erosion 
curves  flatten,  the  cathode  erosion  rste  decreases 
while  the  anode  erosion  rste  ineresses.  This  cath¬ 
ode  behavior  aay  be  related  to  the  difference  in 
energy  deposited  in  cathode  and  anode  spots.  *  Mate¬ 
rial  fro*  the  anode  appears  to  be  collecting  on  the 
cathode.  One  reason  the  cathode  aay  accept  anode 
aaterial  could  be  in  the  tiae  required  for  the 
electrode  spots  to  cool.  The  cathode  recovers  in 
microseconds  while  anode  spots  esnnot  cool  in  less 
than  a  millisecond,  so  the  anode  aay  evaporate  mate¬ 
rial  around  a  thousand  tiaea  longer  than  the  cath¬ 
ode.'*  Thus,  the  cathode  cesperacure  is  lower  chan 
anode  temperature  and  the  anode  material  will  con¬ 
dense  on  the  cathode.  Material  was  observed  on  the 
shank  of  the  cathode  in  aoac  of  the  test  cases. 

Another  explanation  for  the  decreases  in  cathode 
erosion  aay  be  in  cathode  spot  division,  where  the 
nu^>er  on  spots  have  been  observed  to  increase  with 
current.^  Spot  division  decreases  the  current  den¬ 
sity  of  the  individual  spots.  Figure  16  illustrates 
the  current  density  of  spots  as  a  function  of  cur¬ 
rent  for  copper.^  This  graph  closely  reseabl.es  the 
cathode  erosion  curves  for  alusinus  and  brass.  The 
currenc  density  of  spots  appear  to  have  a  dircec 
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en  lectrod*  erosion. 

Cartes  has  an  Interesting  erosion  curve  la  (hat 
the  cathode  erosion  »u  Is  tea* cant  for  all  val- 
mi  of  current  investigated.  Th*  anode  do«*  not 
show  say  seasursbl*  wi;,  Further  scu dy  1*  re¬ 
quired  (o  define  th*  condition*  for  anode  erosion. 

Th*  selcing  points  of  th«  electrode  materials  at* 
a  factor  on  cached*  erosion  at  different  pul** 
current*.  Figure  7  cospar**  eh*  cathode  «ro*ioa 
curve*  far  alumlnun,  bra**,  aad  carbon.  Aluai- 
nus  ha*  ch*  lowest  salt  in*  point  of  eh*  material* 
t**(*d  and  performs  b«*t  at  currant*  up  to  300  A. 
Carbon,  which  ha*  th*  highest  melting  point,  *rod« 
alaoat  rule*  a*  such  a*  aluminum  la  thl*  region. 
After  300  A,  th*  bra**  cathod*  show*  b*tt«r  ero¬ 
sion  r**i*rane*  than  aluminum.  Th*  t«*t  r«*ult* 
for  carbon  (Figure  6)  *how*  no  anasurabl*  anod* 
u«ar  and  illustrate*  th*  desirability  of  a  hi|h 
silting  point  material  for  cha  anod*  «l«ctrod*. 

Figure*  3  thru  13  cospart  th*  erosion  chsracceris- 

tic*  of  bras*  at  atao*ph*ric  aad  vacuum  pr***ur«« 

along  ulth  dlff*r«nt  r«p  rata*  aad  fap  lengths. 

th*  electrode  dloa*t*rs  and  gap  length*  u*re 

changed  to  decerain*  the  *  roe  Ion  depandence  on  gap 

length  and  electrode  diaaeter.  Cosparing  Figure  3 

to  Figure  3,  It  1*  *<«n  that  the  erosion  rat*  for 

bra**  1*  Increased  by  a  factor  of  ten  when  th*  gap 

length  and  electrode  diameter  ar*  increased  (froa 

*  10_S  ga/cb  at  a  gap  length  and  electrode  disaster 
-t 

of  0.73  as  to  *  10  ga/cb  at  a  gap  spacing  aad 
electrode  dlacecer  of  2.3  as),  th*  gap  length  ua* 
adjusted  to  1.0  as  with  an  electrode  dlamactr  of 
2.3  sa  and  the  erotlon  results  are  displayed  la 

Figure  12.  the  rate  of  erosion  1*  dramatically 

* 

decreased  ifroa  *  10~*  ga/cb  ac  a  gap  length  and 
alectrode  diaaeter  of  2.5  s  to  ■  10~*  ga/cb  at  a 
gap  length  of  1.0  aa  and  an  electrode  diaaecer  of 
2.5  sal.  In  order  to  verify  these  findings,  a 
paper  insert  ua*  placed  la  the  test  chaaher  to 
collect  ejected  electrode  sacerial.  Visual  obser¬ 
vation  indicated  that  collected  saterial  ua*  less 
jc  a  gap  length  or  1.0  ss  than  ac  a  gap  length  of 
2.5  =3  for  the  sane  total  couloahs  transferred. 


It  Is  not  known  whether  the  destructive  electrode 
process**  of  *a  arc  ar*  diminished  as  g*p  length  Is 
decreased  or  that  th*  electrodes  simply  collect 
nor*  ejected  material,  Cap  length  and  electrod* 
dlasHtar  play  an  laporeanc  part  la  electrod*  ero- 
*lon;  aad,  hy  maximising  electrode  diameter  and 
minimising  gsp  length,  th*  rat*  of  «ro*ica  caa  be 
reduced. 

The  pulae  repetition  rate  ac  which  ch*  teat  gap  Is 
switched  ha*  proaouaced  affect  on  cathod*  erosion. 
Referring  to  Figure  13,  it  1*  seen  that  the  maxi- 
au*  cathode  erosion  point  1*  shifted  froa  a  pealt 
current  of  SCO  A  ac  10  pp*  to  a  peak  current  of 
300  A  ac  50  pp*.  this  shift  of  the  cathode  ero¬ 
sion  curve  asy  be  explained  by  the  fact  chat  more 
energy  per  uiic  ciae  Is  deposited  ac  the  cached*  at 
50  pps  than  ac  10  pps,  and  th*  av*rag«  cathod* 
teaperacur*  increase*  so  that  th*  condensation  of 
snod*  aaterlal  decrease*.  For  constant  pps,  ch* 
cathod*  erosion  of  brass  shows  lied*  difference 
between  atmospheric  sad  vacuus  pressures  and  is  as¬ 
sumed  to  be  (he  sea*,  the  erosion  rata  ac  the 
anod*  is  relatively  unaff«cc«d  by  different  puls* 
repetition  rates. 

Operation  of  a  spark  gap  ac  vacuus  or  lew  pressure 
has  an  adverse  affect  on  ch*  erosion  rat*  of  eh* 
anode.  Hi*  pressure  in  -‘•a  gap  us*  adjusted  coop¬ 
erate  below  the  Psschen  minimum  for  all  testa  con¬ 
ducted  ac  low  pressure  (see  Reference  7).  Compar¬ 
ing  Figure  3  co  Figure  10,  it  Is  seen  that  there  Is 
an  anode  erosion  null  for  vacuum  ac  a  peak  current 
of  700  A  with  a  puls*  repetition  race  of  10  ppa. 
the  sane  is  true  for  cha  anode  ac  vacuua  with  a  rep 
race  of  SO  pps,  exetpe  the  anod*  null  occurs  ac  a 
peak  current  of  850  A  (Figure  11). 

Figure  9  shows  a  reduction  of  anode  erosion  at  ac- 
aospherie  pressure  with  a  rep  race  of  SO  pps;  how¬ 
ever,  it  is  nor  nearly  as  great  as  the  anode  ero¬ 
sion  decrease  ac  vacuua  pressure.  Erosion  races  ac 
low  pressure  require  aore  investigation  co  explain 
the  decrease  of  anode  erosion. 


Conclusion 


Tha  result*  o!  this  study  indicate  a  consid¬ 

erable  variation  of  electrode  erosion,  both  lnsag- 
nitud*  and  character,  at  a  function  of  pultt  cur¬ 
rant  bclev  1000  aspcres.  Spot  formation  it  an  im¬ 
portant  procata  in  that  erosion  rata*  of  tht  re¬ 
spective  electrode*  vary  with  tha  formation  of 
thaaa  tpota.  halting  point*  of  electrode  material^ 
gap  length  and  alactrod*  diaxetcr,  pula*  repetition 
rata*,  and,  to  a  degree,  gap  preseur*  affact  elee- 
troda  erosion.  From  tha  finding*  of  thi*  *tudy,  it 
i*  *ugga*tad  that  for  spsrk  gap  construction: 

1.  Choota  a  high  salting  point  material  for  tha 
anod*. 

2.  Minimis*  gap  length  or  separation. 

3.  Maxis it*  alactroda  diaaatar. 

4.  Optlaux  cathode  aatarlal  » aria*  with  peak 
currant.  Materials  with  low  salting  point* 
perform  ha*t  at  lower  peak  current*,  while 
high  salting  point  satarial*  parlors  beat 
at  hlghar  peak  currant*. 

5.  Pula*  repetition  rata*  priaarlly  affact  tha 
cathode  aroiion  rata  (10  to  SO  ppa). 

6.  Pressure  primarily  affact*  the  anode  arodon 
rata. 

It  1*  nacaatary  to  be  able  to  pradicc  erosion  rates 
for  design  purpose*.  Although  eh*  results  of  this 
paper  are  for  a  Halted  rang*  of  operating  parasa- 
ttrs,  these  finding*  say  be  helpful  in  reducing  the 
severity  of  electrode  erosion  in  sosa  application* 
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Figure  4:  Erosion  curve  for  aluminum 
at  atrosoheric  pressure. 


Figure  5:  Erosion  curve  for  brass  at 
atnosoeric  pressure. 
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Figure  6:  Erosion  curve  for  carbon  at 
atmosparic  pressure. 
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Figure  7:  Erosion  curve  comparing  cath¬ 
ode  erosion  for  aluminum, 
brass,  and  carbon. 
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Figure  3:  Erosion  curt*  for  brass  at  ataospherlc 
pressure. 
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Figure  10;  Erosion  cur.-e  lor  brass  ac  vacuua  '/Ttt 
sura. 
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Figure  li:  Erosion  curve  for  brass  ac  vacuua  pres 
sure. 
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Electrode  Die** ter:  2.5  Ran 
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Figure  12:  Erosion  curve  for  brass  wish  a  gap 

length  of  i.Oaia  at  atmospheric  pressure 
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Figure  13:  Comparison  of  brsss  cathode  erosion 
rates  for  different  switching  races. 
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Abstract 

A  forced-air-blown  triggered  spark  sap  (TSC)  switch 
systea  capable  of  high  repetition  rata*  on  a  con¬ 
tinuous  basis  as  wall  as  a  TSC  comparative  study  la 
described.  The  systea  consists  of  two  TSC* a,  each 
discharging  its  own  30-oha  pulse  cable  into  a  comoon 
load.  The  systea  was  operated  at  30  kv,  1  kMt,  for 
39  x  10*  shots  with  erosion  rates  of  approxlaately 
6u  ag/aap-hour.  Each  TSC  discharged  0.423  Joules 
in  60  nsec  (FWHM)  per  pulse.  The  switching  losses 
were  about  26  percent  of  the  scored  cable  energy. 
Calculations  indicate  this  can  reduce  to  14  percent 
by  optiaislng  the  TSC  design  and  surrounding  air 
channel  insulation  for  a  more  uniform  E-field. 

Test  result*  indicate  a  aulcleleaent  aaseably  capa¬ 
ble  of  twitching  30  ka  or  aore  40-  to  100-naec 
pulses  at  1  klls  froa  30  kv  for  300  x  10*  shots 
without  gap  adjustaenc  is  feasible  with  this  con¬ 
cept.  The  work  was  partially  supported  by  the  U.S. 
Energy  Research  and  Development  Administration  under 
Contract  Ko.  EN-77-C-04-4048. 


Introduction 

The  objective  was  to  develop  TSC's  that  would  work 
in  a  saall-tcale  aultieleaent  spark*  gap  switch 
systea  to  show  the  feasibility  of  a  auch  larger 
switch  systea.  A  full-scale  systea  is  to  furnish 
pulse  power  to  a  KjF  laser.  The  specifications  are 
shown  in  Table  1. 


TABLE  1 

TRIGGERED  SPARK  CAP  SYSTEM  PERFORMANCE  SPECIFICATION 


Voltage 

Current 

Duration 

Frequency 


50  kv 
30  ka 
£100  nsec 
21  kU: 


Jitter 
Di/dt 
Inductance 
Closure  tiae 


110  nsec 
2xl0*asp/usec 
£10  nh 
£20  nsec 


Life  25  x  10*  shots 


*The  words  sparks  and  arcs  are  used  interchtcgeably. 


Complete  system  studies  for  a  switch  system  that 
will  meet  these  requirements  arc  described  in  the 
final  report  on  this  contract  (Ref.  1).  Spark  gap 
switches  have  been  used  for  many  years  for  a  variety 
of  switching  applications.  Many  types  have  been 
developed,  each  with  its  particular  good  feature, 
but  none  that  would  meet  all  the  requirements  of 
Table  1.  In  these  contemporary  systems,  the  power 
being  switched  is  not  as  high  as  many  high-powered 
systems;  however,  the  requirement  of  switching  up 
to  50  ka  and  less  than  100  nsec  pulsea,  with  low 
jitter  at  1  kHx  with  a  switch  life  of  5x10*  pulsar., 
la  a  relatively  new  requirement  that  has  received 
little  attention.  The  requirement  of  long  life 
dictates  that  the  closure  di/dt  and  charge  per  shot 
pet  switch  must  be  low,  which  means  chat  many  twit* 
dies  arc  needed  for  the  500x10*  shots,  and  thus  it 
follows  chat  they  should  be  small  so  the  final 
assembly  is  *\ot  unacceptably  large.  The  systea 
study  indicated  the  closure  time  requirement  of 
20  nsec  could  be  realised  with  small  TSC's  oper¬ 
ating  at  1  ata  of  air.  A  higher  pressure  will 
decrease  the  closure  time  but  it  will  also  decrease 
the  gap  spacing,  which  will  aake  it  aore  difficult 
to  realize  the  500  x  10*  shot  life  requireaent.  For 
example,  if  the  gap  spacing  Increases  X  percent  for 
5  ca,  it  will  increase  2XX  percent  for  2.5  ca,  all 
else  being  equal. 

This  paper  is  Halted  to  describing  the  developaent 
of  Che  TSC's  in  a  small-scale  pulser  to  demonstrate 
the  feasibility  of  the  large  aulcleleaent  switch 
systea.  The  aeries  of  various  basic  spark  gap 
svltches  are  described  as  they  relate  to  this  appli¬ 
cation.  Saall  size,  low  switching  losses,  and  low 
erosion  races  of  the  electrodes  and  trigger  were  the 
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sain  factor*  In  selecting  a  suitable  switch.  The 
performance  data  described  Include  aaxlaua  frequency 
as  a  function  of  cable  voltage  and  airflow,  erosion 
rates  after  39x10$  shot  teat  run,  as  well  as  Jitter 
as  a  funedon  of  cable  voltage. 

Comparison  of  gaslc  Spark  Cape 
The  requlreaent*  of  saall  site,  low  closure  losses, 
and  l  ata  of  air  In  the  gaps  tend  to  be  autually 
exclusive  condition*.  Saall  electrodes  tend  to 
have  high  field  enhanceaenc  factors  (f)*  and  large 
gap  spacing,  therefore  relatively  high  closure 
losses  when  operated  at  1  ata. 

A  closure  loss  comparison  Is  aade  of  two  paraaeters 
on  four  basic  spark  gap  switches  aa  a  function  of 
gas  (air)  densities.  The  four  types  are  (1)  two 
spheres  foralng  a  single  arc;  (2)  three  spheres  la 
a  row  foralng  two  series  arcs;  (3)  three  cylinders 
foraed  In  the  manner  of  rungs  of  a  ladder,  foralng 
two  series  arcs;  and  (4)  two  electrodes  that  fora 
a  unifora  field  gap  (UFG)  and  produca  a  single  arc. 
When  two  arcs  are  In  series,  the  two  gap  spacing* 
are  calculated  independently.  Then  the  aua  of  the 
two  spacing*  and  the  average  voltage  across  tha  two 
gaps  are  used  to  calculate  the  cloaura  losses.  The 
rationale  la  that  closure  tiae  la  a  function  of 
Joules  per  unit  distance  of  arc  channel  and  tiae. 
Therefore,  two  series  gaps  would  close  in  approxi- 
aacely  the  saac  sanner  as  the  single  gap  If  all 
ocher  parameters  arc  Identical.  In  each  case  the 
overall  static  breakover  voltage  (SBV)  la  kept 
equal  to  1.25  x  SO  kv  »  62.3  kv  to  be  raced  at 
SO  kv,  and  30  ohas  was  used  for  cable  and  load 
lspedances.  The  electrode  disasters  are  all  kept 
at  1.39  ca  except  the  unifora  gap  (UFC).  Fig¬ 
ures  1  and  2  show  how  the  gap  and  closure  losses 
vary  as  a  function  of  gas  (air)  density. 
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Figure  1.  Closure  Loss  as  a  Function  of  Gas 
Density  for  Different  TSC  Configurations 
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Figure  2.  Cas  Spacing  as  a  Function  of  Cas  Density 
for  Different  TSC  Configurations 


Switching  losses  and  gap  spacing*  arc  esdaaccd  by 
equations  derived  froa  the  work  of  J.  C.  Martin 
(Kefs.  2  and  3)  In  ionjunecion  with  f's  froa  Kef.  4. 


*f  is  the  ratio  of  saxlnua  electrical  stress  to 
average  electrical  stress  Just  before  turn-on. 


These  equations  are  shown  in  the  Appendix.  Equations 
1  and  14  were  used  to  calculate  these  curves.  The 
following  exaoplcs  show  how  the  gap  spacing  and  f's 
coapare  at  o/o,  »  l  for  Che  single  arc  and  the  two 
series  arcs: 
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Single  Are 

S  »  5.0:  cs  froo  Equation  14 
i  -  3.7*  froa  Equation  13 
Tuo  Area 

Sj  +  S;  “  S  «  2.09  cs  (calculated  dor  5j,  than 
Sj,  than  susesed) 

f|  -  1.72 
i;  -  1.16 

where 

Ve  »  50  x  1.25  •  62.5  single  arc 

VS  <•  x  I.2S  -  41.67  Ions  jap,  tuo  arc* 

VS  »  ?*?  lj  •  20.63  short  gap,  tuo  arc* 

E-4X  »  46.7  long  gap*,  42.26  short  gap,  droe 

Equation  12;  not*  6 “  l  dor  long  gap*  and 
£  *  0.6  dor  short  gaps;  sat  Figure  3  od 
Fad.  3. 

Note  tha  dlddcrance  In  S'*  and  d’s  b*tv««n  the  tuo 
sultehas. 

Savaral  conclusions  can  ba  draun  froa  the  data  pre¬ 
sented  in  Figures  l  and  2: 

(a)  Most  iaportantly,  because  the  disaster  must 
be  saall,  a  voltage  gradient  device  Is  acces¬ 
sary  at  1  ata  to  keep  the  total  gap  distance 
snail  and  therefor*  to  keep  the  switching 
losses  reasonably  low. 

(b)  The  gap  spacing  In  the  UFC,  Figure  2,  Is 
spproxlaately  equal  to  that  od  the  selected 
7SC,  and  Jj  is  as  lou  as  Is  possible  at  1  ata 
dor  a  1-gap  UFC,  as  well  as  the  selected  TSC. 

(c)  It  can  be  teen  In  Figure  1  chat  the  closure 
losses  od  a  single  spherical  arc  gap  at  1  at«# 
with  a  disaster  od  1.59  cs  are  quite  high  and 
la  dact  the  density  has  to  be  Increased  to  3 
ata  (not  shown)  to  reduce  the  losses  to  approx- 
iaately  equal  to  the  dlrsc  two  types. 

(d)  The  cuo-scrles  gap  cylinder  configuration  has 
the  lowest  switching  losses  at  s/o  ^£2.  Depend¬ 
ing  on  the  length  of  the  cylinders,  the  life 
could  be  aade  very  long  because  total  effective 
arc  surface  could  be  quite  high;  however,  the 
trigger  requlreaents  would  be  higher  because 
the  trigger  capacitance  would  be  greater  and 
also  Che  sixe  would  be  larger  than  the  spheri¬ 
cal  aid-plane  TSC. 


(e)  These  loss  calculations  when  compared  to  slcple 
on-scatt  voltage  tines  current  during  a  lOC-nsec 
pulse  (or  less)  indicate  the  closure  losses  are 
so  auch  greater  than  the  on-state  losses  chat 
the  on-stat*  losses  can  be  neglected  In  favor 
of  reducing  closure  losses, 
lased  on  conclusions  droa  the  above  eoaparison,  the 
basic  type  od  TCS  best  suited  dor  this  application 
utilise*  the  three-sphere  arrangement;  a  practical 
TEC  is  shown  in  Figure  3.  This  results  In  a  dons  od 
offset  nidplanc  (MT)  with  prespark  to  generate  UV 
preionlsaclon  to  Minimise  jitter.  This  basic  type 
od  TSC  ha*  been  in  use  for  some  time;  however, 
generally  the  aldplanc  Is  configured  as  a  flat  disc 
or  bar,  which  would  not  result  In  the  lowest  d  since 
they  have  dlsslsllar  opposing  surfaces.  The  sldplane 
not  only  serves  the  purpose  od  acting  as  trigger  and 
voltage  gradient  alenent  but  it  also  shields  the  UV 
prespazker  pin  iron  the  a* In  arc  dor  longer  life. 


Figure  3.  Cross-Section  View  of  Selected  Trigger 
Spark  Cap 


The  static-breakover  voltage  (S6V)  of  the  long  gap 
was  designed  to  be  approxinately  2/3  and  the  short 
gap  approximately  1/3  of  the  overall  SSV  of  both 
gap*  for  the  lowest  jitter  condition. 


The  HP  and  electrodes  were  aachlned  fro*  Mallory 
Elkonite  type  10W3.  This  Is  a  relatively  Inexpensive 
contact  aaterlal  containing  a  sintered  six  of  75 
percent  tungsten  (U)  and  25  percent  copper  (Cu)  by 
weight,  58  percent  V  and  42  percent  Cu  by  voluae. 

As  nencioned  above,  this  basic  TSC  Is  not  neu  and 
how  it  turns  on  has  been  described  by  others  (see 
Ref.  1). 
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Setup  and  Teat  Results 

The  pulsar  test  bed  consisted  o 1  two  ol  che  newly 
developed  ISC's,  each  discharging  Its  own  30.4-oh* 
puli*  cable  Into  a  coeeon  load;  a  dc  resonant 
charger  was  used  to  charge  ch«  cablet  In  67  uaec; 
this  plus  an  additional  oar gin  of  63  uaec  allowed 
8JU  utec  lor  the  TSC'a  to  recover  at  l  kHx.  Due 
to  higher  chan  expected  core  losses  In  cite  trigger 
pulae  transformer* ,  the  overall  rlae  tine  ot  the 
trigger  pulae  wee  such  longer  chan  expected.  Deaplte 
chla,  the  Jitter  vaa  in  the  range  of  3  to  4  naec 
peak  co  peak,  which  auggeaca  jitter  in  the  renge 
of  1  naec  could  be  expected  with  adequate  trigger 
generator  redealgn. 

Figure  4  ahova  a  aide  view  ot  the  TSC  uaed  lor 
teat  in  the  air  channel.  One  ISC  la  aounted  12 
lnchea  above  the  ocher  In  the  ease  air  atreaa. 

Note  there  la  an  opening  1 or  air  co  circulate 
through  the  HP  co  clear  out  preepark  generated 
hot  gaa  and  duac  parclelea. 


ICMIlt 

.iCuatiw: 


Figure  S  ahowa  the  air  velocity  as  aeaaured  right 
on  top  o 1  the  air  channel.  The  fixture  was 
originally  designed  lor  two  TSC'a  aide-by-alde 
but  beccusa  of  arcovera  between  the  two  TSC'a, 
one  was  removed.  This  left  a  large  apace  la  which 
such  o  1  the  air  could  How.  Though  this  decreased 
the  air  to  the  reaulalng  TSC,  the  l  kHx  goal  was 
reached;  however,  It  does  suggest  that  with  che 
proper  air  How  che  pulae  rate  could  be  higher. 
Figure  6  shows  a  aide  view  picture  ol  the  TSC 
and  load  aaaeebly.  The  TSC'a  were  operating  at 
1  kHx  when  che  picture  was  taken. 

tror  v«u  a  ?ss 


Figure  S>  Airflow  pattern  Over  Top  ol  Air  Duct 
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Figure  «.  Side  View  of  TSC  In  Test  Fixture 


Figure  6.  Switch  Assesbly  and  load 
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The  TSC'*  were  cited  c  only  33  kv  with  SBV  - 
37.3  kv  and  vet*  not  holding  off  enough  voltage 
in  celadon  to  their  total  gap  spacing  due  to 
E-field  distortion*.  Figure  7  compares  aeasured 
and  calculated  load  voltage  waveforms.  The  actual 
load  voltage  1*  *hovn  a*  well  a*  what  the  load 
voltage  aay  be  if  all  the  cable  current  were  allowed 
to  flow  into  the  load.  The  cable  current  and  the 
load  current  during  TSC  closure  are  not  the  saae 
because  a  significant  aaount  of  cable  currant 
was  flowing  back  through  the  UV  pin.  This  curve 
was  calculated  by  adding  pin  current  to  the  load 
current  and  aultlplylng  this  daes  the  15 -oh*  load. 
Not*  how  closely  these  two  curves  aateh.  The 
highest  SBV  for  this  gap  setting  could  be  as  high 
as  62.3  kv;  the  TSC  then  could  be  rated  at  SO  kv. 
This  level  (or  close  to  it)  could  be  brought  about 
uy  redesign  to  sake  the  E-fleld  note  uniform.  Three 
additional  curve*  are  shown  to  indicate  the  output 
pulse  if  this  TSC  wove  holding  off  30  kv  in  place 
of  36.1  kv.  Equation  6  was  used  to  calculate  these 
curves. 


CALCULATED  If 

T*VTL  *  5-15  KUC 

l*  0.1  «H 


CALCULATED  IT 
*.  16  NSEC 
L»  0.5 MH 
V  >  50  KV 


CALCULATED  IF 
-•  26.35  NSEC 
L.  1.0  pH 


50  KV 


CALCULATED  F0K 
%  20*5  NSEC 
L.  0.5  MH 
J6.I  KV 


LOAD  V0LTACE  IF 
TKICCEA  CUMENT 
UEAE  A0DE0  TO 
ACTUAL  LOAD  CUAAEHTl 
L«  0.5  MH 
|6.|  KV 


0  20  AO  60  60100120  IA0 
TIKE,  NSEC 

CCNOITICSSi 

1.  T .S!  T55*S 

2.  TWO  CABLES 

3.  CABLE  VOLTAGE.  3 A. I XV 
l  5GKV 


ACTUAL  LOAD 
VOLTACE 
L  -  0.5  uH 
V  «  36.1  KV 


Figure  ?.  Actual  Load  Voltage,  Load  Voltage  with 
Trigger  Current  Added,  and  Calculated  Voltages  for 
Tifferent  Inductance  and  Voltage 


Using  these  curves  as  well  as  Equations  1,  2,  and  3 
for  total  switching  losses,  the  following  comparisons 
are  aadei 

Actual  puls*  energy  in  the  load*: 

J  »  0.630  Joules  in  load:  Jj,  *  J0  "  J  *  1.03  - 

0.680  -  0.600  Joules  lost 

where 

J0  »  energy  scored  in  cable 
Energy  relationship  if  the  trigger  current  were 
added  to  the  aeasured  load  current*: 

J  -  0.760  Joules  in  load;  **  1.8  -  0.780 
-  0.300  Joules  lost 

Calculated  energy  relationships  for  the  36.1  kv 
curve**: 

J  -  1.08  -  0.223  -  0.837  Joules  in  load; 

JL  -  0.223  Joules  lost 

Calculated  energy  relationships  for  all  30  kv 
curves**: 

J  -  2.33  -  0.33  ■  2.0  Joules  in  load; 

•  0.330  Joules  lost 

Note  0.33  Joules  is  16  percent  of  2.33  Joules. 

As  expected,  as  the  cable  voltage  decreases,  the 
Jitter  increases.  Of  interest  is  that  Jitter 
is  lower  at  xero  crossover  and  at  the  peak  than  at 
the  1/3  point  of  the  leading  edge  of  the  load  pulse. 
This  is  probably  due  to  soae  of  the  closure  current 
going  through  the  UV  pin  to  the  trigger  circuit. 
Though  the  1/3  point  Jitter  is  higher  chan  the 
crossover  and  peak  Jitter,  it  is  still  only  about 
3  nsec  at  0*8  SBV  and  within  the  10-nssc  peak-co- 
peak  from  0.73  to  0.93  SBV  or  26  to  33.6  kv, 
respectively. 

Figure  8  illustrates  the  aaxlaua  firing  frequency 
as  a  function  of  peak  cable  voltage  and  air  flowrate, 
using  two  TSG's  and  two  cables.  The  air  flowrate  is 
taken  froa  the  highest  rate  in  Figure  3  and  is  nuch 
higher  than  in  the  gaps,  especially  the  short  gap. 
The  frequency  Halt  was  found  to  be  about  the  sase 
when  one  TSC  discharged  three  cables.  This  result 
was  unexpected;  however,  when  the  UV  holes  were 
blocked,  the  frequency  dropped  froa  a  peak  of  1.6 
kHx  to  1.1  kHs.  whi.x  was  expected. 

*Based  on  graphical  analysis. 

**Fron  Martin  based  equations,  Appendix. 


liUtdntf,  l  UAHl 
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Figure  8.  Maximum  Firing  Frequency  ■■  a  Function 
of  Cabin  Voltage  and  Slower  Voltage;  On*  Cabin 
per  TSC 

Thnrn  was  a  total  of  39  x  10s  ahota  on  th«  TSC's, 
which  Included  about  7  x  10®  ahota  during  thn 
performance  teats.  The  aaterlal  loss  was  only 
about  0.03  percent  of  the  weight  of  the  elec¬ 
trodes  plua  stud,  and  with  this  null  loss  It  was 
not  possible  to  determine  accurately  aaterlal 
loss  by  before-and-aftcr  weight  measurements. 
Slown-up  profile  pictures  were  used  to  calculate 
tutorial  loss.  Only  a  general  Indication  of 
aaterlal  loss  can  be  obcained  since  the  erosion 
was  not  unifora  over  the  tip.  Fron  a  rough  graphic 
study  of  the  actual  pictures',  the  race  of  erosion 
appears  to  be  abouc  60  ng/aap-hour.  This  should 
cause  the  short  gap  to  increase  only  10  percent 
after  5  x  10®  shots.  The  TSC  should  function 
well  with  this  snail  increase. 

An  unexpected,  interesting  result  was  chat  Che  pins 
in  the  upper  TSC  eroded  auch  sore  chan  the  lowers. 
It  is  not  known  why  this  occurred,  since  the  only 
difference  was  that  the  cop  airflow  was  slighdy 


hotter  and  less  pure.  The  race  of  erosion  on  the 
top  pins  appears  to  be  abouc  30  ag/aap-hour,  while 
erosion  of  the  boctoa  pins  is  toe  saall  to  deteraine. 
For  a  redesigned  TSC  the  pin  could  be  larger  and 
the  pin  current  would  be  lower. 

Figure  9  shows  a  blown-up  picture  of  the  top  TSC, 

No.  2,  operating  at  1.0  Vila.  lonlxed  gas  Jets  can 
be  seen  coming  out  of  the  cable  side  electrode. 


MOMS 


Figure  9.  Top  View  of  TSC  No.  2  Operating  at  1.0 
kNt  (Sis*  Factor  1.57  x  1  In.)  . 

Conclusion 

The  small  off-set  aldplana  described  appears  to  be 
a  good  choice  for  multielement  systems  where  long 
life,  high  dl/dc,  and  low  Jitter  are  needed.  At 
60  mg/aap-hr  the  short  gap  would  Increase  only  10 
percent  after  3  x  10®  shots  (139  hours  of  continuous 
operation  at  1  Mix).  This  is  based  on  100  TSC* 
discharging  50  ka,  SO  nsec  pulses;  with  proper  air 
flow  utilization  the  TSC  will  probably  operace  above 
1  kHz.  Since  the  oaximua  frequency  was  abouc  the 
same  wlch  on*  cable  as  with  three,  the  charge  per 
shot  is  probably  not  Halting  the  maximum  frequency. 
The  experimental  voltage-co-gap  ratio  is  coo  low, 
which  in  turn  causes  the  switching  losses  to  be 
higher  chan  necessary.  There  are  three  laportanc 
features  that  were  undoubtedly  causing  f  to  be  hlghur 
chan  needed: 

(a)  The  surface  of  the  mldplanc  was  not 
as  spherical  as  it  could  have  been. 
Dlsslailar  opposing  surfaces  always  have 
higher  f's  chan  similar  surfaces  (Ref.  1). 

(b)  The  UV  hole  should  be  large  enough  to  allow 
enough  UV  to  exit  but  not  so  large  as 

to  significantly  distort  the  E-field. 
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Tht  present  hole  is  1/6  in. ,  which  i* 
probably  larger  Chan  needed. 

(c)  The  dividers  and  nonsymactrlcsl  surrounding 
structure  distorts  the  E-field. 

Sy  proper  redesign  the  closure  losses  will  be 
reduced;  hovaver,  the  lowest  possible  figure  appears 
to  be  11  percent  of  the  available  energy.  The  pres¬ 
sure  could  be  Increased  to  lower  the  closure  losses; 
however,  this  nav  decrease  the  life  since  the  per¬ 
cent  of  increase  in  the  now  smaller  gap  spacing 
would  be  greater.  Also,  any  air  filter  will  allow 
some  dust  particles  through.  Row  such  filtering  is 
needed  to  keep  prefire  at  a  minimus  is  uncertain. 

The  preslse  chat  two  gaps  could  be  operated  in  the 
sane  air  screaa  if  the  air  has  around  10  msec  between 
gsps  to  recover  its  dielectric  strength  has  been 
shown. 

References 

1.  "Multielement  Spark  Cap  Switch  System,"  Final 
Report  on  Contract  Mo.  EM-72-C-04-4048  for  U.S. 
Energy  Research  and  Development  Administration. 

2.  Pulsed  Electrical  Power  Circuit  and  Electro¬ 
magnetic  System  Design  Motes  4-1,  Volume  1, 

Mote  4,  AFVL-TR-73-166. 

3.  Pulsed  Electrical  Power  Dielectric  Strength 
Motes  5-1,  Mote  16,  AFWl-TR-73-167. 

4.  High-Voltage  Technology,  edited  by  L.  L.  Alston, 
Oxford  University  Press  A68,  Page  7. 


APPEMDIX 


Switching  losses  are  estimated  in  three  seeps  from 
0  to  2.2t,  from  2.2t  to  ?0,  and  from  T0  to  c0  in  the 
following  manner: 

2.2t  , 

1.  Jj  5  /vc Icdc  ■  0.4  V„2  tr/r  (closure  losses)! 


VCV0  jv "0  “  2-20  ♦  («-To/t+  U.ll)j 
tp  V  I 

3.  J3*  Jvtltdc  jtp  -  T0| 

"o 

4.  Vt  -  V0  -  Vx  -  1TR,  drop  across  gap 

5.  V-  -  l  ii 

dt 

6.  i  .  Vq  (l-e--/l) 

1  R 

7.  R  -  Z  +  (R«f.  2) 

8.  i  »  T.  +  t, ,  e-foldlng  time  of  current  pulse 

(Ref.  2) 

9.  .  -  —»  (0/e0)l/2  x  10-5  „c 

R  Rl/3  g4/3 

(accurate  within  20S)  (Ref.  2.) 

1C.  -  L/r  (Ref.  2) 

11.  E  -  E^jj/f  in  units  of  10  kV  (Ref.  3) 

12.  EBax  -  24. 5p  +  6.7  ,/p/reff  (Ref.  3) 

13.  f  -  KjS/r  +  K;  (for  S  i  0.37)  (Ref.  4) 

14.  S  -  tV2*2  (from  combining  Equations 

tEmax-v2*l  13  and  15) 

15.  V2  »  SEojx/f  «  SBV  kv  CRef.  3) 
where: 

J  ■  energy  lost  in  Joules 
V0  -  cable  voltage  at  t0+,  v 
L  -  effective  series  Inductance,  h 
Z  •  source  impedance,  30  ohms  per  cable 
R  *  load  resistance,  15  ohms  for  two  TSG's  and 
two  cables 

o0  -  density  of  air  at  1  atm  HTP 
o  -  density  of  air  in  gap 

Kj  »  0.13  for  cylinders,  0.46  for  spheres  (Ref.  4) 
&2  *  1*06  for  cylinders,  0.83  for  spheres  (Ref.  4) 
r  -  radius  of  electrodes  in  cm 
rcff  “  0.23r  for  cylinders,  0.1 15r  for  spheres 
(Ref.  4) 


o 


J2 


•O  *0 

/v.Itdc  +  J P,.Itdt 


I.2t 


*) 

V’R 

R 


/T  ''J' 

-  e  +  0.105 


8  -  function  of  S/r,  slight  modifier  (Ref.  4) 
Vc  «  on-state  voltage,  50  v  assumed 
t0  «  cable  pulse  duration,  both  ways,  nsec 
tp>  duration  of  pulse  sc  base,  nsec 
I  ■  peak  pulse  current 
SBV  •  static  breakover  voltage 
P  -  pressure,  atm 
S  -  gap  spacing,  cm 
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two  previous  programs  In  which  tha  objective  waa 
control  of  multimegawatts  of  av«ra|«  powar.  *  In 


Abatract 

A  two-electrode  gas  switch  with  a  aalf-braakdown 
voltage  of  100  kV  waa  oparatad  at  a  pulse-repetition 
rata  of  100  Hz  with  burata  up  tc  10  aaconda  la  dura¬ 
tion.  Tha  output  of  a  pulaa  tranafonnar  provided  tha 
(1  -  coa  u;t)  waveform  which  charged  tha  awttch  la 
about  one-half  mllllaecond.  The  switch  discharged 
with  a  peak  current  of  about  10  kA  and  a  total  charge 
transfer  of  about  10  mC  Into  a  damped  LC  circuit.  A 
continuous  purge  of  air  through  the  lateral ectrode 
spacing  enabled  tha  switch  to  recover  Its  breakdown 
voltage  between  discharges.  Flow  rates  up  to  35  SCFM 
were  employed.  This  paper  discusses  tha  dependence 
of  switch  jitter  and  waveform  reproducibility  on  air¬ 
flow  rate. 

1.  Introduction 

This  switch  development  was  performed  In  support 
of  Maxwell's  High  Average  Power  Technology  Develop¬ 
ment  Program  which  Is  directed  towards  the  develop¬ 
ment  of  a  high- power  electron-beam  gun. 1 2  This  system 
Is  now  In  final  development;  It  Includes  a  500  kW 
power  conditioner  which  charges  a  1  MV  hybrid  Marx/ 
pfn  pulse  generator  to  100  kV.  This  pulsar  provides 
a  diode  with  500  kV,  1  psec  pulse-width  and  a  pulse- 
repetition  rate  of  100  pps.  To  achieve  this  rep-rate 
the  pulse  generator  Is  equipped  with  gas  switches 
which  are  continuously  purged  with  dry  air.  This 
report  presents  test  results  on  the  100  kV  gas-dynamic 
spark  gap  develop  j  for  this  application. 

2.  Background 

Rep- rate  switching  at  Maxwell  was  studied  during 


contrast,  power  levels  of  the  present  program  are 
50  kW  to  satisfy  requirements  of  a  500  kW  pulsar 
containing  10  spark  gape;  there  waa  high  confidence 
the  switching  "^chniques  previously  developed  were 
applicable  but  the  Marx  arrangement  presented  new 
problems  for  repetitive  switching.  One  objective  of 
the  present  test  was  to  measure  jitter  vs.  flow  rats 
to  determine  the  minimum  flow  rates  for  acceptable 
switch  performance.  A  multi-switch  system  demands  a 
high  safety  factor  and  should  perform  reliably  with 
minimum  Investment  in  air-flow  equipment. 

The  spark-gap  design  Is  shown  In  Fig.  1;  it  was 
previously  shown  capable  of  operation  at  100  kV, 

250  Hz,  0.24  C  and  5  kA  peak  current.  Stable  opera¬ 
tion  with  virtually  no  switch  malfunctions  waa  attained 
for  10-second  bursts  with  Dow  rates  of  about  65  SCFM. 
Smaller  flow  rates  should  be  needed  for  the  Marx  now 
under  consideration  because  of  the  reduced  power  con¬ 
trolled  by  the  Marx  switches. 

3.  Specifications 

A  facility  was  constructed  to  provide  the  spark- 
gap  duty  expected  during  Marx  operation.  These  re¬ 
quirements  called  for  charging  the  spark  gap  to  100 
kV  In  about  100  psec,  and  discharge  of  10  mC  and 
10  kA  (peak),  as  shown  in  Table  1. 

Installed  (n  a  Marx,  the  switches  must  hold  off 
the  100  kV  Marx  charging,  then  close  with  minimum 
jitter  when  the  Marx  erects.  It  was  necessary,  there¬ 
fore,  to  determine  optimum  spark-gap  pressure  for 
minimum  jitter  with  reliable  100  kV  hold  off. 
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4.  Setup 

4. 1  Test  Circuit 

The  test  facility  consisted  of  a  primary  charging 
circuit,  a  1:12  step-up  transformer,  and  an  output 
circuit  containing  the  switch  under  test.  The  power 
source  was  a  3-phase  transformer  which  reduced 
power  company  12  kV  AC  to  4160  V  (rms).  The  3- 
phase  was  then  rectified  in  a  6-rectlfier  bridge. 

Fig.  2  shows  the  main  circuit  elements.  When 
the  ignition  is  triggered,  the  primary  capacitor,  C^ 
resonantly  charges  through  the  13  mH  Inductor  to  about 
S  kV  with  a  1  msec  transfer  time.  A  thyratron  (Eng. 
Elec.  CX  1154)  controls  the  discharge  of  C^  into  the 
transformer.  A  diode  and  resistor  is  connected  acroes 
the  thyratron  to  allow  reverse  current  to  bypess  the 
thyratron  and  to  reset  the  transformer  core  while  pre¬ 
venting  damaging  current  reversal  through  the  thyra¬ 
tron. 

The  transformer  was  a  foil  and  mylar  winding 
around  an  iron  core  with  the  primary  and  secondary 
Insulated  from  one  soother  and  from  ground  permitting 
the  primary  to  be  charged  with  the  secondary  grounded. 
Cj  and  the  thyratron  had  ooe  end  grounded  to  eliminate 
the  need  for  an  isolated  heater  supply. 

The  output  circuit  containing  the  switch  had  the 
required  Inductance  and  resistance  to  ring  the  current 
through  the  switch  to  conduct  10  mC>  although  C„  con¬ 
tained  only  2.2  mC.  The  3  n  damping  resistance  was 
chosen  for  a  clrcuit-Q  of  about  three.  The  switch 
circuit  inductance  was  about  1.5  pH  to  attain  the 
10  kA  (peak)  at  100  kV. 

4.2  Diagnostics 

(1)  Voltage  Probes 

Resistive  voltage  dividers  tapped- off  the  voltage 
on  Cj  and  The  probe  on  C0  capacitor  indicated 
switch  breakdown  voltage.  Data  from  these  probes  was 
stored  on  an  Ampex  tape  recorder  which  operates  at 
high  tape  speeds.  The  magnetic  record  Is  then  played 
back  at  a  slow  speed  and  recorded  on  a  multi-channel 
strip  chart  recorder.  With  this  technique  every  pulse 


In  a  burst  can  bu  analysed  although  at  the  relatively 
low  frequency  bandwidth  of  *  20  kite.  Ihe  C,  charge 
voltage  was  alao  recorded  on  an  otoillograph. 

(2)  Current  Probe 

A  Pcaraon  current  probe  monitored  switch 
current.  The  rep- rat*  waveforms  were  recorded  on 
magnetic  tape  and  were  superimposed  on  an  oscillo¬ 
scope.  Fluctuation  in  the  amplitude  of  this  currant 
measured  on  the  oscillograph  indicated  the  jitter  In 
breakdown  voltage  since  this  peak  current  is  propor¬ 
tional  to  breakdown  voltage.  The  trace  width  after  a 
typical  100-shot  run  indicated  the  total  spread  In  peal: 
current. 

(3)  Air  Pressure  and  Flow 

Flow  was  determined  by  measurement  of  pressure 
In  a  pitot  tube  placed  downstream  from  the  switch.  A 
Magnahelic  gauge  measured  this  pressure.  The  pitot 
tube  was  located  In  a  straight  section  of  2-7/8"  dia¬ 
meter  PVC  pipe  about  ten  feet  from  the  switch  and 
three  feet  from  the  sod  of  the  pipe  which  exhausted 
into  the  atmosphere.  Calculation  of  mass  flow  rate 
from  measured  flow*  velocity  of  500  ft.  per  minute 
yielded  10  SCFM. 

5.  Results 

5. 1  Switch  Hold-off  Voltage  vs.  Pressure 

An  irradiation  gap  (Fig.  1)  was  provided  In  the 
aluminum  flange  attached  to  one  of  the  switch  electrodes. 
In  this  way  the  arc  alte  on  the  neated-peir  electrode 
was  Illuminated  with  UV  from  the  Irradiation  source. 

In  these  experiments  the  UV  source  was  a  spark  plug 
which  fires  perpendicular  to  the  plug  axis,  and  has  an 
unimpeded  optical  path  to  the  arc  site  on  the  nested- 
pair  axis. 

The  breakdown  probability  vs.  switch  pressure  is 
shown  in  Fig.  3.  This  data  was  obtained  by  recording 
the  number  of  switch  closures  which  occurred  in  a  one- 
second,  100-shot  burst,  and  the  ratio  of  successful 
switch  closures  to  100  switch  charges  was  plotted. 

Fig.  4  shows  a  typical  magnetic-tape  record  with  a 
missing  C0  recharge  which  occurred  when  the  switch 


failed  to  (Ire. 

The  relation  between  breakdown  probability  and 
pressure  enables  the  switch  to  he  operated  In  a  Marc 
by  pre-setting  switch  pressure  at  the  value  where  this 
probability  Is  :ero.  For  example,  for  negative  polarity 
en  the  nested  pair,  a  pressure  of  40  pslg  (and  flow 
rate  of  500  ft/mln)  (s  suitable. 

5.2  Switch  Jitter 

Jitter  was  estimated  by  computing  the  ratio  of  the 
total  spread  In  the  peak  switch  current  to  the  average 
peak  switch  current  tn  a  given  100-*bot  burst  A 
typical  set  of  100  superimposed  voltage  and  current 
waveforms  Is  shown  In  Figure  5a  in  which  total  spread 
Is  12%  of  average  peak  current 

Switch  polarity  had  an  Influence  on  jitter.  Best 
jitter  was  obtained  when  negative  polarity  was  applied 
to  the  nested-pair  electrode  and  when  that  electrode 
was  Irradiated. 

For  either  positive  or  negative  polarity  when 
Irradiation  was  absent  the  first  switch  charge  had  an 
abnormally  high  peak  current  Indicating  Increased 
breakdown  strength.  Occasionally  the  first  applied 
waveform  did  not  breakdown  the  switch.  After  the 
first  breakdown  subsequent  waveforms  had  lower 
amplitude  and  low  jitter. 

The  percentage  spreads  In  Table  2  do  not  Include 
the  first  few  anomalous  charging  waveforms  for  non- 
irradlatlon  cases.  If  they  did,  those  values  would  have 
substantially  higher  spreads. 

5.3  Conclusions 

Based  on  these  results,  when  employing  this 
switch  In  n  rep-rated  Marx.  It  Is  Important  to  employ 
Irradiation.  Also,  the  switch  operates  more  reliably 
and  with  consistently  low  jitter  when  the  Irradiated 
electrode  Is  charged  negatively.  (This  Is  not  too  sur¬ 
prising  since  the  negative  electrode  provides  the  Initiat¬ 
ing  electrons  when  Illuminated  with  U*V.)  Regardless  of 
polarity  the  non- Irradiated  switch  has  a  first-pulse 
breakdown  strength  which  exceeds  that  of  the  Irradiated 
switch.  This  Is  believed  caused  by  a  stagnation  region 


of  plasma  at  the  arc  site  of  the  nested  pair  which 
recktces  breakdown  strength  and  provides  Irradiation. 
This  volume  may  not  purge  completely  preventing  the 
switch  from  recovering  lta  full  breakdown  strength, 
once  the  first  breakdown  occurs.  The  ratio  of  the  first 
to  the  average  breakdown  voltaga  was  variable;  average 
20%  below  that  of  the  first  value  waa  not  uncommon. 

Surprisingly,  anomalous  first- pulse  charging  wave¬ 
forms  did  not  occur  when  the  Irradiated  electrode  was 
charged  positively.  Probably  reflection  of  UV  from  the 
positive-  e  he  negative  electrode  caused  the  necessary 
Initiating  *  otrooa.  Also,  for  many  tests,  jlttar  was 
comparable  to  that  of  negative  polarity,  although  not 
aa  consistent  from  burst  to  burst. 
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TABLE  l 


Spark  Gap  Specifications 


Voltage  hold-off 

100  kV 

Peak  current 

10  kA 

Charge  transfer 

10  mC 

Maximum  rep-rate 

100  11a 

Burst  duration 

10  sec. 

Charging  time 

~0. 1  msec 

Flow  rate 

minimum 

TABLE  2 

Percentage  spread  of  peak  current  for  current  ampli¬ 
tude  variation  for  109-shot  bursts  at  500  ft/mln  under 
various  conditions  of  Irradiation  and  pressure. 

Polarity  Irradiation 
(on  nested  (of  nested  P 


Shot  no. 

pair) 

pair) 

(PSIG) 

* 

175-183 

- 

yea 

21 

9 

184- ISO 

- 

no 

21 

14  • 

1S7-1SS 

- 

no 

27 

11  * 

180-190 

- 

yea 

27 

10 

192-194 

- 

yes 

27 

9 

195-198 

no 

27 

7  • 

199 

♦ 

no 

20 

9  • 

’disregarded  initial  anomalously  high  breakdown 
strength. 


voltage 


Fig.  2.  Test  circuit 
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Fig.  3.  Rep-rate  Marx  switch 
prefire  curves. 


Fig.  1.  Cross-section  of  gas-dynamic 
spark  gap. 

a.  Irradiation  source 

b.  1.3  cm  pp 

c.  nested-pair  electrode 
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rif*  S.  Typical  output  twitch  currant  and 
switch  charging  roltaga  on  a  100- 
shot  burst  (tun  167).  tarcentaga 
spraad  of  peak  currant  ovar 
average  paak  currant  la  12%. 


Fig.  •».  Magnetic  taps  record.  Teat  1S3 
Arrow  points  to  Indication  of 
switch  no- lira. 
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Abstract 

Tha  rola  of  the  5  MJ  homopolar  aachina  at  tha  Cantar 
for  Elactroaachanies  has  chanted  from  that  of  a 
pulsed  power  supply  experiment  to  that  of  a  power 
supply  for  various  experiments,  Sacauaa  of  this 
chan;a  in  duty,  it  was  necessary  to  modify  the 
machine  to  allow  sore  efficient  operation  and 
easier  connection  of  the  aachina  to  the  load. 

The  experimental  hearings  which  were  on  the  machine 
vara  replaced  with  bearings  of  a  more  conventional 
design.  These  bearings  exhibit  a  higher  stiffness 
and  lower  loss  than  the  original  bearings,  malting 
the  saehine  sort  reliable  and  reducing  motoring 
tine. 


The  surface  of  the  poles  were  faced  to  salts  the 
applied  field  sore  uniform  over  the  face  of  the 
rotor.  This  reduced  the  sagnetic  moment  on  the  rotor 
and  reduced  the  side  forces  on  the  rotor  during 
discharge. 

The  busbars  were  rebuilt  to  lower  the  resistance  of 
she  output  circuit  and  to  allow  quicker  change  of 
experiments.  The  latching  mechanism  of  the  closing 
switch  was  rebuilt  for  better  reliability  and  a 
danger  was  added  to  lower  the  mechanical  shock  on 
the  switch  during  operation. 

Introduction 

The  S  MJ  slow  discharge  homopolar  generator  (SDHG) 
(Figure  1}  was  built  in  1974  by  The  University  of 
Texas  Center  for  Eleccromechanics  to  demonstrate 


it  is  still  in  dally  use  as  a  pulsed  power  supplv 
for  ocher  laboratory  experiments.  Its  730  kg  steel 
rotor  is  61  cm  in  diameter,  28  cm  thick,  and 
operates  In  a  1.6  tesla  axial  magnetic  field. 
Originally  designed  to  produce  163  kA,  the  machine's 
low  internal  impedance  (resulting  from  an  improved 
brush  mechanism)  permits  the  generator  to  produce 
up  to  360  kA,  stopping  the  rctor  from  half  speed 
(2800  rpn)  in  0.7  seconds. 


Figure  1:  Schematic  of  3  MJ  SDHC. 


the  feasibility  of  inertial  energy  storage  using 

homopolar  conversion.  It  has  been  discharged  After  repeated  discharges  in  the  short  circuit  mode 

hundreds  of  times  and  has  proven  so  reliable  that  proved  the  basic  reliability  of  the  5  MJ  machine,  it 
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vu  connected  to  various  load*  in  order  to  study 
such  sachine  parameter*  a*  voltage,  current,  pula* 
ris*  els*  and  discharge  time.  Three  aajoc  series  of 
laboratory  experlaeucs  hav*  b««n  conducted  that 
involve  operational  tee tin*  of  the  sachine  aa  a 
pulaed  power  aupply. 

1}  Discharging  into  the  faat  discharge  expert- 
sent  (FOX)  field  coll  (Inductive  atore) 
to  obtain  naxixua  current  in  the  eoil.^ 

2)  Discharging  into  the  FDX  field  coil 
(induetive  atore)  uhil*  controlling  the 
aha?*  of  the  current  pula*  by  controlling 
the  field  excitation  of  the  5  KJ  machine. 

3)  Pulaed  reaiatance  welding  of  2"  mild  areal 
pipe." 

Season  for  Sebuild 

After  coapleting  theae  experiment*,  misalignment  and 
out-of-roundnea*  of  eh*  experimental  hydroatatlc 
bearing*  installed  two  and  one-half  year*  before 
reaulted  in  an  inability  of  the  S  KJ  hoaopolar 
machine  to  be  notored  to  speed  with  full  field.  A 
stainless  steel  pipe  reaiatance  welding  program 
would  soon  require  sany  high  level  discharge*. 
Therefore,  to  address  the  bearing  problem  and  observe 
the  internal  condition  os  the  generator  after  son* 
two  years  of  operational  testing,  the  decision  was 
made  to  redesign  the  bearings,  disassemble  the 
machine  and  upgrade  the  overall  performance. 

Attention  ua*  paid  to  salting  the  sachin*  a*  reliable 
as  possible,  refleeting  the  change  from  its 
previous  experimental  status. 

■Searings 

Hoscpolar  sachlr.es  hav*  scringenc  bearing  require¬ 
ments.  A  large  diameter  rotor  shaft  is  required 
for  a  disc  type  hosopolar  generator,  since  the  shaft 
is  used  as  a  conductor  and  the  larger  diameter 
lowers  the  resistance.  (For  the  5  KJ  machine, 
resistance  af  its  five-inch  shaft  is  about  one-third 
of  the  total  machine  resistance.)  3ecause  the  shaft 
is  larger  in  diameter  than  would  normally  be  used 
on  a  rotor  of  the  same  site  and  weight,  the  result¬ 


ing  bearing  interface  surface  speed  is  much  higher 
then  in  conventional  rotating  machine*. 

Desirable,  bearing  design  features  include: 

1)  Very  low  losses  (reduce  motoring  time). 

2)  Full  aclffnese  at  aero  speeds.  (Searing 
loads  in  homopolar  generators  are  as  Urge 
at  taro  speed  a«  at  full  speed.) 

3)  Electrical  insulation  (to  prevent  arcing 
during  e  discharge  and  eliminate  circulat¬ 
ing  currants  la  the  bearing))). 

Of  the  three  type*  of  bearings,  roiling  element 
(unacceptable  due  to  high  magnetic  fields  In  the 
bearing  locaclon),  hydrodynamic  (unacceptable  becat  a 
of  aero  load  capacity  at  sero  speed)  and  hy.  ..tic, 
only  the  hydrostatic  besring  can  be  designed  to 
achieve  ell  of  chese  goals. 

Two  configurations  of  hydrostatic  bsariags  had  been 
tested  before  the  rebuild.  Originally,  a  sec  of 
stainless  steel  bearings,  which  were  not  insulated 
from  the  bearing  housing,  were  used.  Although 
they  functioned  satisfactorily  at  the  original 
daalgn  currants,  during  a  high-level  discharge  the 
shaft  arced  to  the  bearings,  causing  pitting  of  the 
shaft  and  bearings.  Searings  made  of  C-9  melamine 
(a  nonconduccive,  fiberglass-reinforced  aecerial) 
replaced  the  stainless  scsel  bearings.  These 
bearings  functioned  for  over  two  years,  but  thermal 
creep  ultimately  resulted  In  bsaring  sistllgnaenc 
and  loss  of  stiffness  which  necessitated  that  the 
machine  be  run  ac  reduced  field  levels.  Friction 

A 

and  VS.  losses  would  cause  the  shaft  to  expand,  b. t 
the  melamine  bearings  (which  have  a  vary  low  modulus) 
were  prevented  from  expanding  because  they  were 
coafined  by  the  stainless  steel  bearing  housing. 

This  resulted  in  reduced  clearance  in  the  bearing 
which  increased  shefc  heacing,  further  reducing 
besring  clearance  and  resulting  in  rubbing  between 
the  shaft  and  bearing.  In  addition,  the  bearing 
housings  were  misaligned  and  out-of-round,  causing 
the  bearings  to  be  oval-shaped  and  misaligned. 


the  third  configuration  of  hydrostatic  boating* 
(Figure  2)  which  are  currently  in  the  saehlne, 
addressed  these  and  other  probleas.  A  conventional 
bronae  bearing  insert  with  a  hardened  steel  shaft 
was  designed,  the  insert  was  insulated  froa  a 
shrutfc  on  steel  housing  uicn  a  layer  of  flaa* 
sprautd  aluainua  oxide  ceraale.  The  bearing  has 
Six  pockets  and  is  orifice  ccapensaccd.  3y  capering 
the  Journal  bearing  as  shown  in  Tigure  3  an 
adjustable  clearance  was  obtained.  Table  1  shows 
the  bearing  characteristics. 


w*  rA*i  wvs'tvi  eoo*Tw«e  Katt 


»U*«S  »»MT. 


-TT-JiTT  '•lewtanos 


Figure  2 :  Hydrostatic  Journal  Bearing 


of  the  bearing  housings,  a  boring  bar  was  built 
which  would  11ns  bore  both  housings  while  they 
were  Installed  in  the  S  .UJ  yoke.  In  addition, 
a  facing  aechsnlss  was  attached  co  the  boring  bar, 
to  face  the  poles  of  the  sathine  perpendicular  to 
the  new  bearing  housing  bore.  This  significantly 
reduced  the  tilt  forces  on  the  rotor  caused  by 
aisallgnaent  in  the  sagneclc  field. 

One  of  che  aajor  probleas  with  high-speed  hydrostatic 
bearings  Involve*  the  design  of  a  suap  systea  that 
will  reaove  the  large  oil  flow  and  prevent  leakage 
at  the  high  speed  seal  interface.  The  current 
design  provides  very  large  steps  which  operate 
below  atmospheric  pressure.  This  allows  the  seals 
co  leak  air  into  che  step  rather  than  leaking  oil 
out. 


Machine  Disassembly 

Careful  inspccclon  of  che  disassembled  machine 
revealed  chac  the.  rocor  and  all  brushes  were  in  good 
condition.  As  sntlelpaced,  che  bearing  showed 
signs  of  rubbing  and  sooe  piecing  had  occurred  on 
the  shaft  under  che  shaft  brushes.  The  caking 
switch  was  in  good  condition  except  for  the  external 
latching  scchanisp  chac  had  beeoae  loose  and 
alsallgned.  Overall,  che  dltasseably  resulted  in 
no  surprises  and  che  machine  was  sound. 


Figure  3:  Tapered  Shafc  and  Bearing 
To  correct  che  aisaligncenc  and  ouc-of-.roundness 


Miking  Switch 

Upgrading  of  the  aachlne  included  disaf  Ably  and 
rework  of  the  generacor  aaklng  switch  (Figure  1). 

All  eleccrical  contacts  and  conduccors  were  in  good 
condiclon  and  were  reasseabled  without  rework. 

Rework  of  the  switch  included: 

1)  Fins  ac  che  pivot  points  on  che  latch 
aechanlsa  showed  excessive  wear  and 
daaage  froa  lapacc  loading,  resuleing  in 
a  lack  of  reliability  of  che  hold-open 
latch.  The  pins  were  increased  in  sice  co 
reduce  unic  loading,  asseably  colerances 
were  cightened,  a  new  daaper  was  added  to 
reduce  che  iapact  of  tht  pneusacic  cylinder, 
and  che  lacch  was  regrounj  and  repositioned. 


Tibi*  1 

Hydrostatic  Searing  Charaetsriscics 


Oil  Viscosity 
e?  (Reyn) 

Radial 

Clearance 

sb  fin.) 

Load* 

X(ib) 

Stiffneta 

M/a  (lb/in.) 

Flow 

llter/aln 

Ctpo) 

Total  Loss 

kW  (hp) 

£2.1 

0.102 

3.47  x  104 

1.70  x  10® 

13.7 

20.4 

(9  x  10”6) 

(0.004) 

(7800) 

(0.972  x  106) 

(4.16) 

(27.4) 

13.3 

0.038 

1.24  x  104 

3.91  x  108 

8.23 

9.10 

(2  x  10"6) 

(0.0015) 

(2731) 

(5.09  x  106) 

(2.18) 

(12.2) 

•Load:  Given  for  a  alnlaua  flla  thickness  of  0.025  aa 

2)  The  original  eleccroaagnstie  solenoid, 
which  initiate*  switch  actuation,  waa  a 
surplus  unit  and  waa  replaced  with  a 
coaaercial  unit. 

3)  Redsstgn  of  tha  latch  adjusting  aechanisa 
now  allowa  adjuacaent  to  be  aide  with  tha 
aolanoid  in  place. 

3uabars 

3*fore  che  rebuild,  tha  outpuc  buabars  and  asking 
iwicch  had  to  ba  raaovad  bafora  tha  generator  could 
ba  disaaaenbled  (Figure  3).  Tha  naw  design  rotated 
tha  2.d6  ca  by  30.3  ca  aluainua  diacharga  buabara 
90*  io  that  they  faca  tha  FOX  generator,  lifting 
eyas  ware  attached  to  the  top  of  tha  yoke  providing 
qulctt  access  to  the  aachinea  interior  for  inspection 
and  repair. 

2y  rotating  the  FDX  field  coil  90*  toward  eh*  5  MJ 
SO KG  it  was  possible  to  attach  the  coil  directly 
inco  the  switch  output.  This  aade  the  low  ispedance 
copper  busbars  used  previously  to  connect  FDX  to  the 
3  MJ  generator  free  for  quick  installation  of  other 
experinents.  The  naw  busbar  arrangeaent  lowered 
both  the  resistance  and  inductance  of  the  output 
circuit. 

Conclusion 

Many  high  current  discharges  have  been  accoaplished 
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Figure  i:  Making  Switch 
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since  che  rebuilt!  (Table  2).  The  machine  hat 
proven  co  be  reliable  and  salnceaane*  free.  In  che 
near  future,  voiding  and  hearing  experlsencs  will 
0  continue.  Ocher  pottlble  experlsencs  Include  FOX, 

puli*  compression  and  tone  rail  gun  experience. 

The  5  Ml  SDltC  It  no  longer  an  experiaenc;  le  It  now 
a  reliable  pulaed  power  supply  lor  high  energy 
experlsencs. 


Figure  3:  Old  Sutbar 


Figure  3:  New  lutbar 
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Table  2: 


5  XJ  SDKG  Discharge  Levels 


3-50  kA 

50-100  kA 

100-150  kA 

150-200  kA 

200-250  kA 

230-300  kA 

300-350  kA 

560  kA 

Before 

Rebuild 

54 

98 

20 

20 

2 

* 

▲ 

■ 

After 

Rebuild 

* 

26 

7 

2 

0 

17 

.  28 

■ 
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COMPUTE*  SASED  EUCTTtlCU.  ANALYSIS  Or  HOHOrOLA*  GEME1UT0* 
DMVEM,  5ITTEX  PLATE  STOMCE  IbUCCTOAS  WITH 
AADIAL  CUMEST  DI7TUSIOX 

D.J.T.  Kayh*li+,  H.C.  itylander,  U.F.  Weldon, 
and  H.H.  Woodson 


Center  for  Electronechanica 
The  University  o f  Texas  at  Austin 
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Abstract 

Maxwell'*  aquations  are  solved  for  ch«  opera¬ 
tional  admittance  In  ch«  magnetic  quasi-static 
approximation  for  nonaagnecic  cylindrical  colla 
vlth  axiouchal  currant*  and  axial  sagnetlc 
field*.  An  Infinite  aarlaa,  8a*acl  function 
jolutlon  la  obtained  and  solved  for  copper 
colla  with  (Ivan  radial  diaenslon*.  Coll  cum* 
nueber*  and  len|tha  are  design  parameter*.  A 
nultiple  branch,  shunt  network  coll  nodal  with 
aerie*  resistance*  and  inductances  la  derived, 
the  UT  OEM  5  M7  hooopolar  |eneracor  la  Modeled 
with  a  torque-speed  equation  lndudini  brush 
and  seal  dra|  torques.  The  brush  contact  volt¬ 
age  drop  la  aodeled  versus  surface  speed  and 
brash  current.  Transalsalon  system  resistances 
and  inductances  are  included.  Effective  depths 
of  current  penetration,  effective  coil  resist¬ 
ances  and  inductances,  and  peak  cesperature* 
are  calculated  versus  tine.  Coll  currents  and 
voltages  arc  obtained,  as  arc  systea  energy 
storages  and  dissipations.  ?«*k  current  ciae* 
and  systea  discharge  class  are  deceralned. 
Slightly  underdanped  configurations  arc  found. 


Adalctance  Solutions  for  Model  Cylindrical  Coils 
Square  3itcer  place  colls  ulch  eccentric  bores 
are  approxlaaced  vlth  a  cylindrical,  axisywe- 
tric  aodel.  T!i*  operational  adsltcance  approach 
of  Mocanu  [l]  accounts  for  radial  current  diffu¬ 
sion.  The  coal  aodel  Is  show  In  Figure  1.  The 
coll  length  is  its  thickness  Is  b-e.  the  I? 
field  is  purely  axial;  the  £  field  purely 
arinuthal.  Olsplaccaenc  current  effects  arc 
neglected. 


The  boundary  conditions  for  the  LaPlace  crar.s- 
fojp  fielda  are  fi.fr)  »  constant,  0£rla,  and 
^cH(r)*d£  •  Ifp),  vhere  the  contour  c  is  shown 
in  Figure  1,  Ifp)  Is  the  transfora  current,  and 
p  is  the  transfora  variable.  For  nonaagnecic 
coll  material,  Maxwell's  equations  give 

7d7(r-df)“  q*V  -  V?  (l) 


vhere  j0  ■  10"'  H/a  and  3  is 

iuccivity.  A  solution  to  eq.  (1) 


H.  -  AJ  (Jqr)  *  3Y  (jqr) 
-  o  o 


the  coil  con- 
is 

(2) 


where  J  and  Y  are  Sessel  functions  of  the  first 
and  second  kind,  j  «  /-I,  and  A  and  S  are  con¬ 
stants.  The  i  field  Is 

S8  "  ^  [*VJV>  +  *VJqc)]  (3> 

The  transfora  voltage  across  the  coll  teralnals 
is  taken  as 

Vfp)  -  fgfbjlsb  (4) 

The  operational  adalctance  Is  Yfp)  •  Ifp) /Vfp). 

Application  of  the  boundary  conditions  and  use  of 
the  residue  chaorea  [2]  gives  the  temporal  adalc- 
eance  as 

yfc)  -  E  A.  e'Bic  (5) 

i-l  1 

|  *3*i*[Jo(osi*)Yo(aslb>"Yo(a*la)Jo(oslb). 

":asl[Yl(a*ta>Jo(aslb,"Ji(asl:,i,Yo(a*lb)]  ”  X* 

A, - (6) 

3  2 

«,»  !  ^  [VSt->VSli)-V»,l»»l‘«.lb>] 
+*ta.l  [VS1*>VVM-V‘‘,l*)v,‘.lb>] 

!i  ■  \tVv  (!) 

The  aj^  are  the  roots  of  the  equation 

-2[Yl(ajia)Jlfo;|1b)-J,fasla)Y1fajib)]  -  0  tS) 

Solutions  for  Particular  Coil  Diaenslon* 

The  roocs  of  eq.  (8)  are  solved  for  a  »  0. 3068a 
f 12  in)  and  b  *  0.508a  (20  in)  with  rcucines 

■‘■Presently  at  Lawrence  Liveraore  Laboratory, 
Liveraore,  CA  94550 


MMSSJ3,  MX3SJ1,  MM3SYK,  2SXAU,  and  UUU  of 
she  International  Mathematical  and  Statistical 
Librarv  (IXSL).  Tha  first  4  root*  are  e«i  - 
3.127309270  a"*,  ®j2  "  7.401705666  V*,  0,3  - 
11. 96715966  a-l.  0,4  -  16.64197700  a"l.  At  and 
Si  are  ealculared  for  lc  *  tco  *  0.91££s  and 
r  *  5.800  x  10*  (n-a)-l.  The  firat  4  values  of 
A  are  6.£6669230£  x  10$,  9.924480604  x  10$, 
2.509179132  x  10$,  1. £41670278  x  10$.  Those  of 
S  are  1.444322999,  8.090703477,  21.22048119, 
£0.90086543. 


Shunt  Sculvalenc  Circuit  for  the  Coll 
Vhen  eq.  (5)  Is  cransforsed  and  variable  coll 
lengths  tc  and  sulciple  coll  turns  of  nusfcer  St 
are  allowed,  the  operational  admittance  say  be 
written 


T(p) 


M 


1 


ill  W 


+ 


The  estlsated  resistance  of  the  bus  systea  Is 
29.91)3;  the  estlsated  Inductance  Is  0.3uX. 

Effective  Parameters  for  the  Coll 

An  effective  coll  resistance  Is  defined  as 
_2  n  e 

R  ,,  »  1_  1  R,  l,*,  where  1,  Is  the  current 

*  1-1  1  * 

in  the  1th  branch.  An  effective  coll  Inductance 
.1  n  1 

is  defined  as  t.  ..  -  L.  *  Z  l.  1.'.  The  current 
eff  .  1-3  l  i 


density  is  approxlsated  by  J(r,c)  -  ij^fr^tn 
d  ,,  . 

(1  +  -j^))  ,  where  dt{*  Is  the  effective  depth 

of  current  penetration.  The  temperature  rise  at 
r  -  a  for  ET?  copper  Is  taken  as 


(9) 


The  coil  say  be  thus  represented  by  the  Infinite 
branch,  shunt  network  shown  at  the  right  side  of 
Figure  2.  Each  branch  consists  of  a  resistance 
Ri  and  an  inductance  1.3  in  series.  The  proper 
nuaber  of  branches  n  la  determined  by  trial. 


Model  for  the  17T-CEM  SHJ  Hoaoooiar  Generator 
The  UT-CDi  5X1  hoaopolar  generator  la  shown  on 
the  left  side  of  Figure  2.  Its  voltage  V„  « 
oc/2r,  where  u  Is  the  generator  angular  fre¬ 
quency  and  0  is  the  aagneclc  flux.  The  gener¬ 
ator  Internal  resistance  Rjj  Is  taken  as  13. ltd) 
and  the  Internal  inductance  Ljj  as  0.5UH.  The 
torque  equation  for  the  generator  coast  down 
sode  is 

-Tbr-7»  <10> 

where  X  la  the  rotor  rotational  inertia,  iT  Is 
the  scries  currenc,  Thr  Is  the  brush  drag  torque, 
and  Tj  is  the  seal  drag  torque.  Bearing  losses 
are  Ignored.  Tv,r  is  taken  as  446  a-nc:  T,  as 
13.6  s-nc. 


The  brush  voltage  drop  resiscance  Rj,r,  which 
varies  with  brush  current  and  generator  speed, 
is  approxlsated  by 


:bt  ( l-.'1-”3  1  10  l3r!)  +  »„ 

(l-a'1*006  x  10"Sl11l)]llTrl  (11) 


•  »•" *  h1  V  V1  [l-  ”  * 

C". 

Solution  of  Circuit  Equations  for  an  Example  Coil 
The  circuit  equations  for  Figure  2  are  Integrated 
In  else  on  a  CDC  6600  cosputer.  Example  results 
are  given  for  a  12  turn,  72  plate  coll  (6  places/ 
turn)  of  length  0.1534b,  place  thickness  2.13  x 
10”3»,  and  zero  thickness  insulation.  Resistance 
increase  with  temperature  is  neglected.  The  gen¬ 
erator  has  an  initial  speed  of  564  rad/sec  and  an 
initial  voltage  of  42V.  Fourteen  branches  are 
used  for  the  coll  network. 

Generator  speed  and  current  are  shown  in  Figure  3, 
along  with  the  coil  voltage  and  the  temperature 
rise  at  the  inner  radius  of  the  0.1524a  thick  neck 
of  the  real  coll.  The  rocor  kinetic  energy,  coll 
inductive  energy,  systea  resistive  dissipated 
energy,  and  drag  friction  dissipated  energy  are 
shown  In  Figure  4.  The  effective  coil  resiscance, 
inductance  and  depth  of  currenc  penetration  are 
shown  In  Figure  5.  The  series  current  is  slightly 
undardasped.  The  peak  currenc  of  120.6  kA  occurs 
at  0.655  sec;  the  peak  coll  energy  of  0.S14  XI 
occurs  cc  0.908  sec.  The  generator  reverses 
direction  at  3.64  sec;  the  currenc  reverses  at 
4.57  sec. 

Acknowledceaents 

Thanks  are  due  to  W.  L.  Bird,  M.  Brennan, 

C.  Cardwell,  X.  D.  Drlga,  K.  X.  Tolk,  F.  Wildi, 
and  R.  Zaworka  for  their  aosc  kind  help. 


with  the  rocor  brush  voltage  coefficient  given  by 
V  .10.74,  u<88.6  rad/sec  p2j 

ra  I  0.676  +  7.27  X  10-4u,  a>>88.6  rad/sec 

and  the  shaft  brush  voltage  coefficient  given  by 
10.74,  ^425  rad/sec  {13) 

1  0.676  +  1.51  X  10-4u,  u>425  rad/sec 
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Abstract 

The  Fast  Discharse  Experiment  (FOX)  is  a  0.36  MJ, 

200  V  nomopolar  aachine  designed  to  discharge  in  one 
billisecond.  This  experiaent  is  intended  to  estab¬ 
lish  the  fundamental  llaitacions  involved  in  ex¬ 
tracting  energy  in  the  shortest  tiae  from  a  flywheel 
using  hoaopolar  convarsion.  FOX  feature*  a  coos 
teeperature  1.6  x  10^  A-t  copper  coil  pulsed  by  a 
5  Mi  slow  discharge  hoaopolar  machine,  two  30. 5  ca 
disaster  counterrotating  aluminum  rotors  with  flame 
sprayed  copper  slip  rings,  low  inductance  return 
conductors,  coaxial  cransclssion  line,  four  fast 
closing  (30  usee)  1/2  MA  ashing  switches,  hydro¬ 
static  journal  bearings,  squeeze  fila  thrust  bear¬ 
ings  and  dual  brush  activation  systems. 

After  initial  testing  of  FDX  was  completed  and  data 
was  analyzed,  problems  Halting  performance  were 
identified.  Various  components  of  the  aaehlne  were 
redesigned  and  aodlfled  to  correct  these  problems. 

A  second  sec  of  tests,  including  short  circuit  dis¬ 
charges  froa  various  speeds,  hat  recently  been  con¬ 
ducted.  Results  and  analysis  of  these  tests  will 
be  presented.  Hew  problems  encountered  as  well  as 
recommendations  for  additional  work  will  also  be 
given. 

Introduction 

A  hoaopolar  aachine  which  uses  a  simple  rotor  with¬ 
out  windings  as  both  flywheel  and  generator  armature 
is  a  very  slaple,  inexpensive  and  efficient  pulsed 
power  supply.  This  type  of  nachine  uses  its  fly¬ 
wheel  to  inertially  score  large  amounts  of  energy 
over  a  relatively  long  tiue  and  electrically  ex¬ 
tracts  this  energy  in  a  very  short  tiae. 


The  Center  for  Elecrromechanles  (OEM)  at  The  Univer¬ 
sity  of  Texas  at  Austin  has  been  engaged  for  some 
tiae  in  experiments  involving  hoaopolar  machines  and 
has  built  and  tested  several  such  machines.  The 
first  hoaopolar  to  be  designed,  fabricated  and  tested 
by  the  CEM  was  a  0.3  Ml  aachine  in  1972.  This  ma¬ 
chine  exceeded  its  design  goals  by  discharging  froa 
6000  rpa  in  7  seconds  with  a  peak  current  of  over 
16,000  A.  Afcer,  this  successful  testing,  a  seeond 
hoaopolar  machine  with  a  storage  capacity  of  5  MJ 
was  designed  and  built.  This  was  not  serelv  a 
scaled-up  version,  but  a  new  machine  implementing 
new  ideas  learned  froa  the  earlier  aaehlne.  Due  to 
improved  internal  impedance,  this  aachine  discharged 
into  a  short  clrculc  froa  2800  rpa,  half  lea  raced 
speed,  in  a  auch  shorter  time  (0.7  sec)  and  at  a  such 
higher  current  level  (550,000  A).  The  success  of 
these  two  projects  led  to  the  question  of  the  funda¬ 
mental  liaicaclons  to  discharge  time  of  hoaopolar 
machines. 

In  1973  and  1976,  a  study  was  undertaken  by  the  CEM 
to  answer  this  question.  For  discussion,  conildcr 
a  aaehlne  with  a  rotor  which  carries  a  radial  current 
1  in  the  presence  of  an  axial  magnetic  field  B.  The 
electrical  connections  to  the  rotor  are  made  through 
sliding  contacts  from  cylindrically  sycnetriccl  con¬ 
ductors  which  carry  equal  currents.  If  the  rotor  is 
turning  at  some  speed  about  its  axis,  several  phe¬ 
nomena  limit  the  rapidity  with  which  electromagnetic 
forces  resulting  from  interactions  of  current  and 
magnetic  field  can  decelerate  the  rotor  and  extract 
the  stored  inertial  energy  electrically. 

Deceleration  is  accomplished  by  the  interaction  of 
current  and  magnetic  field.  Either  current  or 


sagnecic  field  can  be  present  without  deceleration 
and  deceleration  can  be  accoaplished  by  establlahing 
the  other.  If  there  la  no  magnetic  coupling  between 
the  field  coll  and  the  rotor  circuit,  the  problcae 
of  eatabllahlng  current  and  aagnecic  field  rapidly 
are  independent. 

First,  consider  the  problea  of  establishing  "agnatic 
field.  A  voltage  ausc  be  applied  to  the  field  coll 
to  produce  a  current  which  builds  up  at  a  race  de¬ 
termined  by  V  «  L  -j“.  The  rate  of  buildup  of  cur¬ 
rent  in  the  field  coll  is  Halted  by  its  internal 
insulation  which  in  turn  Halts  the  voltage  chat 
can  be  applied  to  it.  Even  if  the  coll  current 
builds  up  quite  rapidly,  the  establlshaenc  of  aag- 
nedc  field  inside  the  rotor  is  Halted  by  the  decay 
else  of  eddy  currencs  in  the  rotor. 

Next,  consider  che  problea  of  establishing  rotor 
current  rapidly.  The  current  ausc  first  diffuse 
into  the  rotor  and  return  conductors.  This  is  a 
transient  eddy  current  problea  chac  la  affected  by 
sacerial  properties  and  geoaecry.  Even  if  current 
diffuses  rapidly  into  the  rotors  and  return  con¬ 
ductors,  the  rotor  currenc  ausc  be  established  by 
the  voltage  generated  in  che  rotor  applied  to  the 
inductance  of  the  armature  circuics. 

If  che  aagnecic  field  And  rotor  currenc  can  be  es- 
tablisned  rapldlv  enough,  the  discharge  clae  is 
Halted  by  How  rapidly  che  J  x  3  forces  can  deceler¬ 
ate  the  rotor  conpared  to  the  electrical  loss  race 
in  che  rotor,  brushes  and  return  conductors.  This 
requires  high  magnetic  fields,  good  electrical  con¬ 
ductors  and  low  resistance  sliding  contacts. 

There  are  also  sons  aechanical  probleas  which  aay 
arise  during  discharge.  If  che  J  x  3  force  distri¬ 
bution  does  not  aacch  che  deceleration  force  density, 
then  shear  stresses  ausc  be  transaicced  by  the  rotor 
sacerial  and  they  aay  be  substantial  for  fast  dis¬ 
charge.  Diffusion  of  current  into  che  rotor  aay 
produce  tonunifara  force  densities  and  high  shear 
stresses.  %'onunifora  current  densities,  caused  by 
me  existence  of  eddy  currencs,  can  cause  nonunlforn 


heating  leading  to  cheraal  stresses  cnac  degrade  che 
aechanlcal  stress  capability  of  the  rotor  sacerial. 

The  Fast  Discharge  Experiment  (FDX)  (Figure  1)  was 
designed,  not  as  a  fast  pulsed  power  supply,  but 
to  Investigate  hosopolar  discharge  llalcacions. 
Therefore,  several  paraaecera,  such  as  aechanlcal 
stresses,  brush  currenc  densities,  and  interface 
speeds  are  at  their  predicted  performance  Halts. 


Figure  1:  Fast  Discharge  Experlaenc 

FDX  was  designed  and  fabricated  during  a  period  froa 
1975  to  1977.  Initial  testing,  such  as  pulsing  che 
field  coll,  coast  down  tests,  voltage  generation  and 
low  speed,  short  circuit  discharges  began  in  che  fall 
of  1977.  After  this  initial  testing  of  FDX  was  cos- 
pieced  and  data  was  analysed,  various  probleas  Halt¬ 
ing  performance  were  identified.  Several  coaponencs 
of  che  aachlne  were  then  redesigned  and  aodlfled  to 
correct  chese  probleas. 

A  second  sec  of  tests  on  FDX,  Including  short  circuit 
discharges  over  a  range  of  speeds  has  recently  been 
coapleced  and  the  results  of  this  testing  are  pre¬ 
sent  d  here. 

Original  FDX  Design 

Several  possible  configurations  were  considered  for 
FDX  with  the  fastest  possible  discharge  time  for 
aininua  cost  as  the  Halting  objective.  After  ex¬ 
tensive  analysis  into  che  topology  of  fast  discharge 
cachines, "  it  was  concluded  that  the  multiple  dish 
or  "spool"  configuration  has  a  scalier  effective 
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capacitance  due  to  a  waller  aoaent  of  inertia  than 
an  equivalent  drua  configuration  for  a  given  flux 
linkage  (Figure  2).  As  a  result,  the  "spool"  ea- 
chinc  haa  an  inherently  shorter  discharge  tine. 

The  spool  configuration  also  allows  the  rotor  to 
linfc  a  larger  percentage  of  the  flux  generated  by 
the  field  coil  than  does  the  drua  configuration. 


Drua  Configuration 


7TJZJ:'?Z2"\ 


Figure  2:  Hosopolar  Cenerator  Configurations 


Considerations  of  perforaance,  tiae,  funds  and 
desired  experiaental  results  were  involved  in  the 
design  of  FDX.  As  a  result,  FDX  aodels  one  coil 
and  che  corresponding  halves  of  two  adjacent  counter¬ 
rotating  rotors  of  a  "spool"  cachine  (Figure  2). 

Also  because  of  cost  and  tiae  considerations,  the 
high  aagnetic  field  required  for  FDX  is  supplied 
by  a  rooa  ceaperature  copper  coil  powered  by  che 
existing  CEM  5.0  MJ  slow  discharge  hoaopolar 
generator. 


FDX  (Figure  3)  is  a  fully  coapensaced,  pulsed  field 
hoaopolar  generator.*  Using  two  counterrotating 


rotors  shaped  for  oiniaus  Inertia,  che  aachlne 
stores  0.36  MJ  of  energy  at  an  angular  velocity  of 
3000  rad/sec  (28,650  rpa).  Frea  half  speed,  1500 
rad/aec,  che  rotors  are  predicted  to  stop  in  npprex- 
isacely  one  nillisecond  when  discharged  into  a  short 
circuit  with  an  output  current  of  1.9  HA.  (Figure  A). 
Because  of  high  current  densities  in  the  brushes, 
che  machine  cannot  discharge  into  a  short  circuit 
froa  full  spetd.  The  pulsed  aagnetic  field  in  the 
rotors  averages  A.O  T,  resulting  in  a  cachine  volt¬ 
age  of  208  V  at  full  speed. 


Figure  3:  FDX  Hoaopolar  Machine 


Figure  4:  Predicted  FDX  Output  Current 

The  FDX  aachine  exceeds  the  state  of  the  art  in  soae 
paraeecers.  The  current  collection  syscea  has  to 
operate  in  very  high  cagnecic  fields  (up  to  6.0  T) , 
withstand  large  current  densities  (up  to  8000  A/ca2) 
and  Bake  contact  with  a  rotor  noving  at  450  a/sec. 
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FDX  utilizes  tvo  30.3  ca  disaster,  2.3  ca  thick 
counterrotating  rotors  aide  iroa  a  7030  alualaua 
alloy.  Slip  ring  surfaces  are  flaae  sprayed  with 
a  layer  of  copper  to  provide  a  suitable  surface  for 
copper-graphite  brushes.  The  rotor  shaft  and  thrust 
bearing  runner  are  hard  anodized  to  provide  elec¬ 
trical  insulation  and  a  vear  resistant  bearing  sur¬ 
face.  The  rotors  are  supported  in  a  cantilevered 
fashion  by  oil-lubricated  hydrostatic  journal  bear¬ 
ings  inside  the  FDX  field  coll.  These  bearings 
provide  extresely  high  stiffness  and  introduce 
damping  into  the  rotor-bearing  systea.  One  hydro¬ 
static  thrust  bearing  is  used  to  axially  position 
each  rotor.  Upon  discharge  each  bearing  changes  to 
a  squeeze  fils  regisc  to  counteract  the  large  force 
I-.3  x  10*  !<)  trying  to  bring  the  rotors  together. 
Due  to  the  pulsed  aagnctic  field,  the  rotors  are 
unable  to  self  socor  and  arc  driven  through  shear 
links  by  turoines  vhich  operate  on  coapressed  air. 
Upon  discharge,  the  rotors  rapidly  decelerate, 
causing  the  links  to  shear  and  decoupling  the  tur¬ 
bine  froa  the  rotor. 

The  FDX  field  coil  is  a  1.6  x  106  A-c  rooa  tespera- 
eure  copper  coil  pulsed  by  the  CDS  3  MJ  machine. 

It  has  a  total  Inductance  of  6.3  uK  and  a  resist¬ 
ance  which  rises  froa  62  aft  to  76  uft  during  the 
pulse  due  to  the  temperature  rise  of  the  coll. 

The  7DX  discharge  circuit  consists  of  dual  current 
collection  systeas,  an  aluainua  eoaxial  transalsslon 
line  and  four  fast  closing  1/2  HA  asking  switches. 
Two  brush  sechanisas  and  current  transfer  designs 
care  required;  one  to  collect  current  froa  the 
rotor's  shoulders  and  transfer  it  to  the  stationary 
.ccpensating  turns,  and  the  other  to  transfer  cur¬ 
rent  froa  the  outer  periphery  of  one  rotor  to  the 
other  (Figure  3).  Both  brush  sechanisas  use  sin¬ 
tered  copper  graphite  brushes,  previously  tested 
and  ased  on  the  TEH  3  MJ  aachlne.*  The  brush  pack¬ 
ing  factors  of  both  sechanisas  exceeded  902  due  to 
the  large  current  densities  Involved. 


Figure  3:  FOX  Dual  Brush  Mechanlsas 


Due  to  eddy  current  and  field  penetration  probleas, 
the  coaxial  transalsslon  line  is  made  of  aluainua 
instead  of  copper.  The  lover  conductivity  of  alu¬ 
ainua  avoids  exaggerated  values  of  eddy  currents 
and  accelerates  field  penetration.  Betause  of  the 
extremely  fast  rise  tiae  (2900  A/usee)  anticipated 
for  the  large  discharge  current  (1.9  x  106  A),  a 
one  shoe  aechsnlcal  switch  based  on  the  sagnecic 
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repulsion  principle  vss  eaployed.  This  very  low 
isipedance  switch  lnlclaces  che  FDX  discharge  current 
by  rapidly  (30  usee)  expanding  an  annealed  aluainua 
ring  which  bridges  two  stationary  contacts,  in  order 
to  aalntaln  unifora  current  distribution  in  FOX. 
four  such  switches  (er.ch  1/2  MA)  ate  located  sya- 
aecrlcally  around  che  outside  of  che  coaxial  crans- 
aisslon  line. 

Initial  Test  Results  and  Problems  Encountered 
During  che  fall  of  1977,  initial  testing  of  FDX 
began.  Frellalnary  testing  of  several  coaponents 
of  che  aachlne  was  necessary  before  a  short  circuit 
discharge  could  be  acceapced.  The  FDX  field  coll 
was  tested  first  by  pulsing  it  fre  various  current 
levels  with  che  OEM  3  MJ  aachlne.  This  was  done 
wlch  and  without  che  rotors  and  coapensacing  con¬ 
ductors  in  place  co  enable  the  rotors  to  be  centered 
in  che  aagnecic  field  as  well  as  to  evaluate  the 
difference  in  aagnecic  flux  distribution  wlch  and 
without  the  eddy  currents  generated  in  che  rotors 
and  coapensacing  conductors.  The  3  MJ  aachlne  was 
discharged  froa  various  speeds  and  current  in  che 
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coil  and  magnetic  field  was  recorded,  “hi*  measured 
field  very  closely  matched  she  field  calculated 
previously. 

The  sue  brush  mechanism*  were  tested  individually 
and  together  by  activating  the  brush  mechanisms  in 
various  combinations.  The  objective  of  these  tests 
vas  to  vest  in  the  brushes,  determine  hov  long  each 
mechanise  tool*  to  activate  and  verify  predicted 
brush  losses.  Troa  7000  rps,  the  rotor*  stopped 
iron  brash  losses  approximately  0.4  sec  after  both 
brush  aechanlsss  were  seated.  This  rapid  decelera¬ 
tion  ua*  expected  froa  predicted  brush  losses. 
Voltage  generation  tests  were  performed  on  FOX  by 
exciting  the  field  coll  and  activating  both  brush 
aechanlsss  uich  tne  rotors  spinning.  Machine  volt¬ 
age  and  aoveacn:  of  the  rotors  as  a  result  of  the 
magnetic  field  uere  aonitored. 

After  these  tests  uere  coeplete,  four  short  circuit 
discharge  tests  were  performed.  On  on*  of  these 
tests,  the  S  M3  aachine  generated  140,000  A  into 
the  FDX  field  coll,  producing  an  average  aagneclc 
field  of  2.4  T  inside  the  bore  of  the  coll.  Froa 
2300  rps,  the  rotors  stopped  in  20  milliseconds  and 
the  machine  generated  approximately  60,000  A.  The 
FOX  machine  voltage  uas  19  V.  While  this  was  the 
fastest  discharge  of  a  hosopolar  machine  to  dace, 
the  time  was  still  an  order  of  magnitude  greater 
than  the  predicted  results.  Also,  on  other  tests, 
it  became  apparent  that  current  could  not  be  main¬ 
tained  at  speeds  over  2300  rpn.  This  was  due 
largely  to  brush  bounce,  either  electromagnetic  or 
dynamic  in  nature.  Because  of  a  very  fast  current 
rise  before  breaking  up,  a  one  millisecond  discharge 
still  seamed  feasible  if  brush  contact  could  be 
maintained.  Thtrefon,  an  extensive  rework  of  FOX 
began  lace  in  1977. 

The  internal  resistance  of  FOX  uas  higher  than  ex¬ 
pected  because  of  a  high  resistance  bolted  Joint  1.. 
the  return  conductor.  If  FOX  uas  to  discharge  in 
one  millisecond  this  resistance  would  have  to  be 
decreased. 


Another  problem  with  FOX  which  affected  predicted 
performance  vas  insufficient  air  supply  to  the  tur¬ 
bines  which  motor  the  machine.  If  the  specified 
13,000  rpa  vas  to  be  reached,  larger  air  lines  and 
more  air  inlets  to  each  turbine  would  have  to  be 
used. 

Upon  dismantling  the  machine,  several  ocher  problems 
were  noted.  The  surfaces  of  the  outer  rotor  slip 
rings  at  veil  as  the  rotor  brushes  shoved  signs  of 
arcing  but  the  rotor  uas  not  seriously  pitted.  This 
Indicated  chat  the  suspected  brush  bounce  vss  occur¬ 
ring  in  the  rotor  brush  mechanism.  Also,  there  uss 
considerable  oil  In  the  rotor  cavity,  indicating 
that  the  inside  besring  seals  were  not  functioning 
properly.  Further  examination  and  testing  using 
displacement  transducers  showed  that  the  rotors 
ran  out  approximately  0.013  cm.  This  could  be  one 
cause  of  brush  bounce. 

In  general,  all  components  of  FOX  except  those  noted 
above  were  in  good  shape.  Therefore,  to  make  FDX 
perform  as  predicted,  a  complete  redesign  and  re¬ 
build  of  these  components  vss  needed.  Coinciding 
with  the  FDX  rebuild,  was  a  rebuild  of  the  CSM  3  JO 
machine  to  inereaae  its  performance. 

FDX  Rebuild 

FDX  has  an  8.3  cm  diameter  shaft  which  rotates  at 
speeds  up  to  13,000  rpm.  This  gives  a  very  high 
interface  speed  for  a  hydrostatic  bearing.  Because 
of  this  high  shaft  surface  speed  and  the  roughness 
of  the  hard  anodised  shaft  on  which  they  rubbed,  the 
original  lip  seals  uses  in  FDX  wore  out  rapidly. 

Also,  the  oil  sump  in  tho  inner  bearing  scavenge 
system  uas  slightly  pressurised  due  to  line  restric¬ 
tions  snd  dynamic  effects  of  oil  flowing  out  of  the 
hearing  pocket.  These  two  problems  combined  to  allow 
oil  leakage  into  the  rotor  cavity.  The  oil  sump  and 
lip  seal  were  redesigned  to  prevent  this.  For  an 
oil  scavenge  system  to  work  correctly,  a  vacuum  must 
be  maintained  to  assure  that  air  will  flow  by  the 
seal  into  the  sump.  Flow  should  be  laminar  at  the 
sump  inlet  and  large  recum  lines  and  manifolds 
should  be  used  to  assure  that  return  flow  is  net 
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restricted.  The  FOX  system  vu  rebuilt  to 

increase  the  cross  sectional  a rea  of  the  scavenge 
by  adding  two  larger  (1.9  ea)  return  passages.  Also 
a  i!m  and  s=-»U  reservoir  were  added  to  the  sump. 

The  das  serve*  to  force  oil  away  froa  the  rota  tin* 
shaft  and  into  the  reservoir  to  keep  oil  off  the 
shaft,  reducing  turbulence,  to  avoid  excessive 
horsepower  losses,  low  loss  seals  had  been  used  on 
FDX.  After  a  search  for  a  suitable  lip  seal,  only 
one  was  found  which  could  perform  at  the  necessary 
high  speeds  with  low  losses.  This  was  a  Mather  lip 
seal.  Sue  to  the  roughness  of  the  hard  anodised 
shaft,  it  was  necessary  to  shrink  fit  a  1310  steel 
sleeve  en  the  rotor  seal  shoulder  (Figure  6). 

Secause  this  ring  was  hardened  and  ground,  It  pro¬ 
vided  a  suitable  surface  for  the  seal  to  run  on. 


Figure  os  Mather  Lip  Seal  and  Kebullc  Suap 


Current  collection  avacesa  have  always  been  diffi¬ 
cult  in  hosopolar  sachines  because  of  high  nagaetie 
fields,  large  current  densities  snd  high  surface 
velocities.  «hlle  boss  brush  sechanisas  transfer 
current  frea  a  rotor  to  a  scationary  conductor,  the 
FOX  rotor  brush  nechanlsa  transfers  current  froa 
cne  rotor  to  another  spinning  in  the  apposite  di¬ 
rection.  .‘<‘o  brush  in  use  before  FDX  had  been  run 
ot  -separable  speeds  or  currenc  densities.  There¬ 
fore  a  sosewhat  unique  brush  nechanlsa  was  required. 
The  original  FDX  rotor  brush  nechanlsa  didn't  work 
properly  for  several  reasons.  Secause  the  rotors 
were  each  about  '3.323  ca  out  of  round,  a  single 


brush  could  not  follow  both  surfaces,  lecause  the 
brushes  were  not  supported  close  enough  to  the  rotor 
surface,  a  substantial  Mount  was  applied  to  the 
brushes  esusing  the*  to  bind  in  their  holders.  The 
polymer  diaphragm  used  to  setuate  the  brushes  was 
not  sufficiently  stiff  to  prevent  brush  bounce  and 
it  leaked  due  to  tesrs  in  nounting  holes  and  rese¬ 
ct  on  with  the  ail  which  hsd  leaked  into  the  rotor 
cavity. 

The  rotor  brush  nechanlsa  was  redesigned  to  solve 
these  probleaa  aa  well  as  to  Upleeenc  soae  new 
ideas.  The  rotoc  slip  ring  surfaces  were  machined 
to  very  close  tolerances  ca  assure  thac  they  were 
round  and  the  saae  diaeecer.  They  were  then  bal¬ 
anced  in  the  bearings  so  the  total  runout  was  less 
than  0.003  ca.  This  saall  runout  nakes  lc  easier 
for  a  brush  eo  follow  the  roeor.  The  rebuilt  brush 
nechanlsa  consists  of  120,  0.6*  ca  wide  sintered 
copper  graphite  brushes  supported  on  each  end  by 
slotted  fiberglass  reinforced  epoxy  rings  (Figure  7). 
The  brushes  are  activated  by  an  air  pulse  behind 
o  cast  polyurethane  diaphragm  and  retracted  by  two 
compression  springe  per  brush  (Figure  9}> 


Figure  7:  FDX  Kotor  Brushes  and  Support  Kings 


More  brushes  are  used  on  the  rebuilt  nechanlsa  chan 
on  the  original  sechanisa  (120  vs  36)  because  of  the 
theory  on  the  currenc  carrying  ability  of  brushes, 
thac  discrete  points  of  contact  rather  chan  total 
surface  area  of  concacc  is  important.3  According 
to  this  theory,  nuaber  of  points  of  concacc  is  in¬ 
dependent  of  amount  of  surface  area.  3ecause  the 
brushes  are  supported  over  their  entire  heighc  in 
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b  tlat,  applied  moment  an d  tendency  to  biod  arc 
reduce d.  The  new  diaphragm  la  such  aciffer  and 
rougher  chan  the  eld  one,  caking  hlghar  a c suae Ion 
treasure  and  greater  dovnforce  possible, 

•  auercst  *im 


Figure  S:  TDX  Rotor  Brush  Mechanism 


The  high  resistance  halted  jalne  in  the  return  con¬ 
ductors  of  FOX  was  eliminated  an  the  rebuild.  This 
vas  accomplished  by  Welding  the  compensating  turn 
to  the  outer  coaxial  transmission  line  (Figures  9 
and  10).  This  served  to  decrease  the  internal 
resistance  of  FOX.  allowing  a  faster  discharge. 

Setcnd  FOX  Discharge  Tests 

After  the  rebuild  of  FOX  was  completed,  a  second  sec 
cf  tests  was  performed  beginning  in  fall  1979.  Be¬ 
fore  attempting  a  short  circuit  discharge,  it  was 
necessary  to  test  the  rebuilt  components  as  veil  as 
verify  char  all  ocher  components  vert  still  function¬ 
ing  properly.  The  rotor  brush  mechanism  was  activated 
with  both  rotors  spinning,  to  wear  in  the  brushes 
and  to  determine  the  time  required  for  the  brushes 
to  seat.  Since  the  rotor  brush  mechanism  required 
longer  to  seat  than  the  shoulder  brush  mechanism, 
the  two  solenoids  controlling  them  vert  put  on  dif¬ 
ferent  electrical  circuits  to  allow  the  tvo  brush 
mechanisms  to  activate  simultaneously.  The  Mather 
lip  seal  and  rebuilt  sump  and  return  lines  were  also 
tested  with  the  rotor  spinning  at  high  speed.  Mo 
leaks  were  evident  and  higher  rotor  speeds  were 
possible  due  to  the  lover  losses  of  the  new  seal. 
After  the  performance  of  the  ocher  components  vas 
verified,  several  short  circuit  discharges  were  per¬ 
formed  vith  varying  rotor  (peed  and  field. 


Figure  9:  Current  Transmission  line 
Bolted  vs  Welded  Joint 


Figure  10:  Welded  Joint 

The  testing  program  called  for  a  high  sp  ied,  high 
field  first  discharge  after  careful  evaluation  and 
testing  of  the  rebuilt  components.  It  was  desired 
to  produce  a  one  millisecond  discharge  from  a  re¬ 
spectable  energy  store.  Initial  discharges  produced 
a  choppy  240,000  A  discharge  and  stopped  the  rotors 
in  20  msec.  The  energy  score  vss  then  lowered  in 
an  attempt  to  attain  the  fastest  known  discharge  of 
a  hoeopolar  machine.  This  vas  achieved  on  December 
21,  1978  vhen  oscillograms  showed  a  continuous  short 
circuit  current  output  of  90,000  A  that  scopped  the 
rotors  in  5  msec.  Results  of  that  test  allowed 
calculation  of  bulk  circuit  parameters  as  well  as 
in  depth  analysis  of  machine  performance  and  identi¬ 
fication  of  problem  areas. 


tiilizxnc* 


Two  isporcanc  pieces  of  instruaencation  w«ra  added 
to  the  fCX  rebuild:  a  high  resistance  shoulder 
brush  and  a  split  and  insulated  rotor  brash 
(Figure  ID.  This  separated  the  cerainal  voltage 
Into  useful  components  und  allow'd  analysis  of  ch« 
nachine’s  interns!  operation.  Up  until  th«  ninth 
tun,  discharge  currant  had  not  bee*  continuous 
during  tha  ceaplata  discharge  cycla.  Calculattd 
bulk  circuit  psraaatars  (tea  erratic  data  war* 
unreliable.  Tha  shouldar  brush  drop  1-1  was  con¬ 
tinuous  in  early  runs  but  tha  brush  drop  from  3-1 
was  choppy  and  followed  tha  currant  nonunlforslty. 

A  discharge  from  lower  spaed  with  high  volume 
aceusulators  plumbed  to  tha  rotor  brushes  produced 
tha  first  continuous  currant  wavafora. 

Machine  Parameters 

(Tha  rotors  as  referred  eo  as  kocor  1  and  kocor  2). 
kocor  Speeds 

r 

uj  -  183.3  sac  (13Q0  rpm) 
w;  -  137.3  sec  (1600  rpa) 

Energy  Scored 

1  .  1  1 

::-5  -  2  (.0116x133.5)*  +  2(.oii6Xi67.s): 

••  1.H3  ?U 

Voltage 

*!(co)  "  *Jt?*rla<s>cal 
2sV 

r  »  u  »  .177  V-*ac 

I  .177  Vb 

S  -  -(r0:-  r«l)  -7(0.023-.  0058)  -  3.23  a* 

Produced  by  223,000  A  discharge  of  3  HJ 
hosopolar  Into  FDJC  Aik  30RE  FIELD  COIL 
ugT 

V.  -"IT*  -  1.72  V 
Current 

3c-  .00095  Ipea)c  "  90,700  experisencal 

Capacitance 

ls*I 

C;  -  T-  -  36.2  F 
CB  “  23.1  F 


Isssn 

There  is  vary  little  rotor  spaad 
variation  between  t-0  and  e?<iy 

v21t»0"  -  vii^aak  3.3-1 
k  •  ipeak  *  90,700 

-  u.?  x  io"4  a 


Shoulder  brushes 

V»?  .9 


k  -  XpMk  »  90,700  -  9.9  X  10  5  fl 


Switches 

Voltage  drop  across  1  switches  in  parallel 
sc  tpufc  -  .626  V. 

The  currents  in  the  switches  are  measured 
with  hall  probes  chac  sense  the  f0  com- 
ponenc  of  flux  in  the  coaxial  switch. 

.626  , 

-  2«00  -  25  X  10"*  0 

.626  , 

*lw2  nico  -  36  x  10"®  n 

.626  , 

It  j  -  30300  -  10.5  X  10"®  a 

.626  , 

*wv  -  18300  -  31.2  x  10"®  a 

k  -  6.35  x  10"4  a 


Coax  Output  3u« 

V11  "  V»w  5.33  -  .626 

k  "  Ipeak  ac  'peak  “  50700 

-  51.3  x  10"4  a 


Inductance 

Slope  of  current  rise 


3  -  ^  - 

2.66  x  10  sec  experisencal 

V;yf0~  -  Vjic-O*  2.3 

L;j  ■  slope  -  2.66  x  10^ 

»  8.6  x  10~9  H 

Vtic-0"  -  Vuc-0+  2.3 

Ljj  »  Slope  -  2.66  X  10° 

-  3.6  x  10-9  K 


^switch 


5  x  '0-9  H *Re*etence  ■** 


3U 


Bulb  Circuit 


COAX  RC 


Rc 

51.8  x  I0“*  Si 

R« 

6.85  x  IO~‘  SI 

5  x  10"*  H 

«r 

143  X  10“‘  SI 

l-r 

8.6  x  IO“*  H 

R. 

9.9  x  IO“‘  & 

*-« 

8.6  x  IO“*  H 

C  •  28.1  F 
Rt  -  107  x  10-6  n 
Lj-  -  39.4  x  10"9  H 

Damping  K  107  x  10"^ 

Coefficient  -  2Z0  “  2/39.T"x'lo'9  "  1‘° 

23.1 


cpeak 


R*c 
In  L 
R  _1_  - 
L  "  RC 


2.09 

2716-332 


.00088 


Even  in  the  continuous  current  discharge  the  rotor 
inscrueentacion  brush  unseated  at  0.8  msec  into  the 
discharge  and  reseated  at  3.2  nsec.  Total  discharge 
current  never  vent  to  rero.  This  indicates  that  the 
current  repulsion  between  flow  in  the  brush  and  out¬ 
put  coax  is  aiding  the  down  force  on  the  rotor 
brushes.  The  decay  of  the  current  vavefora  shortly 
after  current  peak  did  not  follow  the  R-C  decay 
predicted  fros  bulk  paraaeters.  The  resistance 
change  occurred  because  full  brush  seating  was  not 
camcained.  Also  it  can  be  concluded  chat  the  force 
causing  brush  bounce  is  either  mechanical  or  eddy 


current  related  because  the  rotor  Inscrueencaclcn 
brush  which  docs  not  carry  current  also  bounced. 
.Therefore  current  constriction  and  brush  selcisg  can 
be  elialnaced  as  causes  of  bounce.  The  engineering 
solution  will  probably  he  the  separation  of  the  rotor 
brushes  into  two  independent  rotor  tracking  mecha¬ 
nise*.  Also  if  expanded  flux  plots  in  the  rotor 
brush  area  show  an  eddy  current  force,  brush  loalna- 
tlon  say  also  be  considered.  The  present  mechanise 
functioned  well  enough  to  provide  the  5  nsec  dis¬ 
charge  fros  low  energy  score  which  explored  the  fen- 
dasencal  limitation.  Sew  sechanisst  will  cake  fast 
discharge  hooopolars  viable  pulsed  power  supplies. 


Figure  11:  FDX  Instrumentation 


Conclusions 

Even  chough  a  one  Billisecond  discharge  of  FDX  was 
not  achieved,  further  testing  is  warranted  due  to 

f 

the  very  fast  current  rise  tines  seen  in  the  second 
sec  of  tests.  Since  the  ealn  problem  with  FDX  is 
■.urrent  breakup  due  to  the  bouncing  of  rotor  brushes, 
the  configuration  of  this  mechanism  must.  be  changed 
to  allow  it  to  continuously  transfer  currant  between 
the  two  counterrotating  rotors.  Experience  from 
both  FDX  rotor  brush  mechanises  has  shown  that  this 
cannot  be  done  successfully  by  using  a  single  brush 
bridging  both  rotors.  A  separate  brush  mechanise 
should  therefore  be  used  on  each  rotor  with  a  flex¬ 
ible,  current-carrying  scrap  joining  the  two.  Also, 
because  controlling  the  speeds  of  the  two  rotors  by 


manually  controlling  air  flow  la  difficult,  a  cir¬ 
cuit  should  be  designed  to  synchronise  the  rotor 
speeds. 

The  5  millisecond  discharge  achieved  by  FDX  It  the 
(utut  discharge  ever  for  a  hoaopolar  machine. 
Still,  the  faet  current  rlee  times  demonstrate  that 
a  shorter  discharge  tlae  la  possible.  A  second 
generation  fast  discharge  aachlne  would  be  very 
similar  to  FDX  with  two  significant  changes.  Two 
separate  rotor  brush  scchanlsaa,  as  explained  above, 
would  be  used  to  transfer  current  between  the  two 
rotors.  A  steady  state  superconducting  field  coll 
would  replace  the  present  pulsed  field  coll  to  pro¬ 
vide  the  necessary  high  field.  This  superconducting 
coll  would  allow  higher  fields  If  necessary,  enable 
the  uniformity  of  the  field  to  be  controlled  and 
allow  che  rotors  to  self  mocor.  Also  because  the 
field  would  be  steady  state,  the  return  conductors 
could  be  aade  of  copper  rather  than  aluminum,  thus 
decreasing  the  resistance  of  che  aachlne  and  In¬ 
creasing  che  output  current. 
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PULS A*:  AS  IOTUCTIVE  TULSE  POWER  SOURCE* 

E.  C.  CHARE,  V.  P.  BROOKS,  and  K.  COWAS 


Sandia  Laboratories 


Albuquerque, 

Abstract 

The  PULSAR  concept  of  inductive  pulsed  power  source 
uaca  a  flux-compressing  metallic  or  plasM  armature 
rather  than  a  faat  opening  « witch  to  tranafer  Mg- 
neclc  flux  to  a  load.  The  Inductive  atore  My  be 
a  relatively  unaophiacicated  DC  superconducting 
magnet  aince  no  magnetic  energy  la  taken  from  it, 
and  no  large  current  tranalenca  ara  Induced  in  it. 
Initial  experimental  efforta  employed  either  ex¬ 
pendable  or  rauaable  Metallic  araaturea  with  a 
200  kJ,  450  no  dlaaeter  auperconductlng  magnet. 
Attention  la  now  being  focuaad  on  the  development 
of  auch  faater  plaema  armature*  for  uac  in  larger 
ayateaa  of  one  and  two  metrea  diameter.  Tachniquas 
uaed  to  generate  the  required  high  Mgnetic  Rey¬ 
nold*  number  flow  will  be  deacribed  and  initial 
experimental  reaults  will  be  praacnted. 

Introduction 

PULSAR  1*  a  eyatam  which  produce*  pulaad  power  by 
magnetic  flux  conpreaalon  with  Metallic  or  pla*M 
armaturca.  A  auperconductlng  Mgnet  auppllea  the 
flux  and  chemical  energy  produce*  high  Mgnetic 

Reynold*  number  arMturea  for  the  conpreaalon. 

1  2 

Varioua  form*  of  PUL3AR  *  have  been  propoaed  for 
uae  in  coal-fired  and  inertial  fuaion  power  plant* 
as  topping  atagca  which  have  the  potential  of  in¬ 
creasing  plant  efficiency  to  greater  than  50*.  As 
a  prime  pulse  power  source  PULSAR  bacoMa  more 
economically  attractive  the  larger  the  required 
pulse  energy.  It  becomes  competitive  at  about 
10  HJ  when  its  dimensions  are  the  order  of  a  few 
metres . 

The  first  experimental  model  of  PULSAR  generator 

emoloved  a  0.45  a  diameter  magnet.  When  tested 
*This  work  was  supported  by  the  U.S.  Department  of 

Energy. 


KM  87185 

with  Mtalllc  arMturea  the  pulse  rise  time  ranged 
from  80  ua  in  the  radial  node  to  600  us  in  the 
axial  node.  Coaparison  between  predictions  and 
experiMnta  showed  chat  PULSAR  performance  with 
metallic  arMturea  could  be  accurately  anticipated. 
However,  for  som  applications  there  is  greater 
interest  in  the  Much  faster  rise  times  which  can 
he  achieved  with  plasM  arMturea.  Unfortunately, 
with  plaaM  armatures  it  is  auch  nor*  difficult 
to  Mtch  theory  and  experiment.  Therefore,  to 
establish  dependable  scaling  laws  for  plasM  arma¬ 
ture*  an  axperlMntal  program  is  being  carried 
out,  to  extend  generator  six*  into  the  "full  scale" 
ragion.  Thli  will  bt  dona  with  low  anergy  magnets 
to  keep  costs  down.  The  program  calls  for  con¬ 
struction  of  two  additional  experimental  genera¬ 
tors,  ona  utilising  aim  disMtar,  200  kJ  magnet 
and  another  with  a  2  m  diameter,  2  MJ  Mgnet. 

Figure  1  ahovs  the  original  0.45  m  Mgnet  and  the 


-V*'- 

Fig.  1.  One  m  and  0.45  m  Superconducting 
Magnets  for  PULSAR 

new  1  a  Mgnet  which  will  be  involved  in  generscor 
experiments  during  the  later  psrt  of  197°. 

This  paper  will  describe  a  new  technique  for  gen¬ 
erating  the  required  high  magnetic  Reynolds  number 
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plasma  armatures  which  will  be  used  for  che  largar 
systems.  Results  obtained  with  the  now  technique 
in  cha  0.45  a  system  will  ba  presented  and  compared 
both  eo  choia  obcainad  in  previous  experiments  and 
to  pradiccion*  of  a  numerical  aodal. 

Plasma  Armatures 

Previous  plasma  armature  systems^  conaiatad  of  a 
centrally  locacad,  axially  lniclacad  axploalva 
charge  chac  waa  uaad  co  radially  axpaod  a  waakly 
prclonizad  deuterium  gas.  Tha  baac  parfonaanca  of 
such  a  plasma  armature  producad  only  about  1/S0th 
che  cutranc  of  a  radially  axpandad  metallic  irma- 
cura.  In  contrast,  raaulca  of  a  computer  aodal* 
of  cha  plaaca  amacura  predicted  about  cha  ium 
peak  currant  as  chac  from  a  aacalllc  araacura  dua 
co  ohalc  heating  of  cha  plaaaa  front  which  "boot- 
scrappad"  cha  conducclvlcy  co  high  valuaa.  Tha 
suspected  reason  for  tha  disagraeaMnc  la  chac  cha 
coda  does  not  allow  particle  exchange  baewaan 
cor.es  so  nixing  and  cooling  at  tha  exploalva-gaa 
Interface  Is  naglacced.  Because  cha  flow  waa  sub¬ 
sonic  ,  chase  processes  wars  probably  vary  Important, 
but  accounting  for  chan  would  havn  required  major 
coda  changes.  This  was  not  warranted  since  plana 
arsacuras  produced  by  chls  experimental  system 
vara  clearly  Inadequate.  Instead,  a  naw  experi¬ 
mental  approach  was  developed  which  aora  nearly 
approached  cha  conditions  of  cha  optimistic  coda. 

A  supersonic  plasma-producing  armature  syscesi  was 
developed.  Supersonic  flow  produces  a  shock  with 
clean  "ease  sas"  baewaan  cha  shock  front  and  Cha 
cxploslve-gas  concacc  surface. 

The  magnetic  Reynolds  number  of  che  plassu  flow  la 
given  by 

R  «  u_ovi 
a  o 

■-here  jq  is  cha  aagnedc  peraeabillcy,  a  Is  cha 

plasaa  conductivity,  v  is  cha  plasma  velocity  and 

4  is  Che  plasma  flow  distance.  Since  che  conduc- 

3/° 

civtcy  Is  proportional  to  I  and  che  ceaperaeure 

•) 

behind  a  strong  shock  Is  proportional  co  v~,  che 

4 

aagnedc  Reynolds  nuaber  Is  proportional  co  v  . 

The  technique  ue  have  pursued  co  obtain  higher 
velocity  flow  is  Illustrated  In  Figure  2.  The  PUL¬ 
SAR  aagnec  and  generator  coll  are  nested  ac  che 
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Fig.  2.  Schematic  for  Producing 
High  Speed  Plasma  Flow 

canter  of  cha  assembly  and  two  electrically  deton¬ 
ated  explosive  plana  wave  generators^  locacad  be¬ 
hind  bleat  shield*  delve  high  speed  flows  which 
stigmata  and  expand  In  cha  generator  coil  a*  shown 
In  cha  figure.  Tha  shields  wars  designed  to  accom¬ 
modate  attalght  gaa  flows  through  cha  connecting 
channels  or  flows  converged  from  larger  diameter 
explosive*  Into  the  channels  for  still  higher  ve¬ 
locities. ^  In  addition,  cha  channels  wars  obtained 
In  0.(0,  0.90,  and  1.50  a  lengths  co  determine  cha 
affect  of  channel  length  on  plasma  araacura  quality. 

Experimental  Result* 

Tha  experimental  setup  co  cast  cha  plasma  armature 
system  depleted  schematically  in  Figure  2  Is  shown 
In  Figure  3.  Ac  cha  clma  of  cha  Case,  cha  LHe 
devar  is  removed  from  che  caac  area  and  cha  supar- 


Fig.  3.  PULSAR  Tesc  Secup  for 

High  Sneed  Plasma  Armatures 


conducting  magnet  la  operated  on  ice  ovn  Ute  reeer- 
volr.  The  10-cm  diameter  plane  wave  generator* 
were  aounted  about  even  vith  the  open  end  of  the 
conical  blast  shield*  and  the  lev  pressure  gat 
channels  extend  iron  the  explosive  to  the  central 
expansion  ehasber.  Cas  flow  velocities  In  this 
ayseem  were  about  10  ka/s  axial  in  the  channels 
and  10  to  IS  Va/t  radial  in  the  central  chamber. 
Output  current  pulses  measured  in  the  standard 
O.SS  uK  load  {or  the  three  chancel  lengths  are 
graphed  in  Figure  A  and  have  been  aligned  to  a 
cocoon  tero  time.  The  aagnet  current  {or  this 
test  series  was  2/3  of  suxiswa  so  the  output  can 
be  scaled  up  by  3/2  {or  comparisons  to  previously 
reported  results.  The  dependence  on  chsnnel 
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in  the  leakage  and  load  inductances  exceeded  1200  J 
but  802  o{  this  vas  In  the  leakage  inductance.  For 
{ull-fcalc  FULSAX  systems,  the  ratiu  of  load  to 
leakage  Inductance  energy  will  greatly  {avor  the 
load. 

Conclusions 

A  new  supersonic  plasma  armature  system  produces 
an  order  of  magnitude  better  {lux  compression  than 
the  old  subsonic  on*.  Experimental  results  indi¬ 
cate  that  some  bootstrapping  of  the  conductivity 
by  ohmic  heating  did  occur  but  not  as  much  at  a 
numerical  model  has  predicted.  Skin  depth  in  the 
plasma  armature  vas  about  3  cm  which  for  a  small 
system  precludes  the  delivery  of  a  large  fraction 
of  the  generated  electrical  energy  to  sn  external 
load.  This  will  not  be  a  probles  for  full-scale 
plasma  armatures  even  if  plasms  properties  do  not 
improve. 
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Fig.  A.  Plasma  Armature  PULSAX 
Output  Current  Histories 

length  it  seen  to  be  weak  with  the  best  of  the 
three  tests  producing  about  8  times  more  current 
than  the  best  subsonic  plasms  armatures  and  shout 
1/Sth  of  the  code-predicted  output. 

In  a  test  for  which  the  terminals  of  the  generator 
were  shorted,  the  output  current  increased  about 
232.  Assuming  similar  flux  efficiency  for  the 
shorted  test  and  tests  with  the  0.35  uH  load,  the 
aininuo  leakage  Inductance  of  the  generator  was 
detomlned  to  be  2. A  uH.  This  Inductance  implies 
a  plasma  skin  depth  of  about  3  cm  which  is  consis¬ 
tent  with  a  plasma  temperature  of  a  few  eV,  This 
is  such  higher  than  the  temperature  expected  from 
shock  heating.  Indicating  that  some  bootstrapping 
of  the  plasma  conductivity  occurred.  The  energy 
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Abstract 

The  uae  of  inductive  storage  systems  ha  a  bean 
studied  as  an  attractive  alternative  to  the  aore 
convanticnal  capacitive  energy  storage  systeas  to 
drive  a  cylindrical  imploding  plasma  and  produce 
X-rays  for  nuclear  simulation.  Preliminary  experi¬ 
ments  have  been  conducted  using  a  200  kJ,  4us  ca¬ 
pacitor  bank  and  a  100  kJ,  lus  capacitor  bank  to 
explore  the  basic  performance  of  electrically 
exploded  foil  opening  switches.  Peak  voltage  and 
opening  time  have  been  characterised  as  a  func¬ 
tion  of  quench  media  and  capacitor  bank  risetime. 
Rlsetine  and  energetic  efficiency  of  current 
transfer  to  inductive  dusay  loads  have  also  been 
measured.  These  experimental  results  are  contri¬ 
buting  to  conceptual  designs  for  a  1.9  KJ  capaci¬ 
tor  driven  inductive  pulse  shortening  system. 

Introduction 

In  anticipation  of  applying  an  Inductive  pulse 
shortening  circuit  to  the  SHIVA  system1,  investi¬ 
gations  using  metal  foil  fuses  as  fast  opening 
switches  are  being  conducted  on  two  Intermediate 
energy  systems.  This  experimental  effort  is  aimed 
at  verifying  the  operation  of  electrically  exploded 
foil  switches  at  high  currents  and  fast  risetimes 
to  permit  scaling  of  these  switch  designs  to  higher 

energy  (2  KJ)  systems  than  those  which  have  been 
2 

previously  explored  .  A  general  schematic  diagram 
of  an  Inductive  pulse  forming  circuit  is  shown  in 
Fig.  1.  For  the  near  future  the  primary  energy 
storage  device  consists  of  a  dc  charged  capacitor 
bank  which  discharges  through  some  storage  induc¬ 
tance  and  an  initially  closed  switch  that  opens  at 
peak  current.  A  load  in  series  with  an  initially 
open  isolation  switch  is  placed  across  the  opening 
switch  as  shown.  The  performance  of  such  a  circuit 


is  characterised  by  how  quickly  the  opening  twitch 
can  interrupt  the  primary  -current  and  transfer 
energy  to  the  load  without  dissipating  an  unaccep¬ 
tably  large  fraction  of  the  stored  energy.  The 
peak  current  and  voltage  across  the  switch  are 
also  a  measure  of  its  performance.  For  a  matched 
inductive  load  a  maximum  of  252  of  the  initial 
energy  in  the  storage  inductor  can  be  transferred 
to  the  load3;  however,  a  significantly  higher 
fraction  can  be  transferred  if  the  load  is  dissi¬ 
pative  as  in  the  ease  of  a  SHIVA  implosion1. 

Experimental  Arrange  tnt 

Two  capacitor  bank  systems  were  used  for  these 
experiments.  Both  banks  are  discharged  by  multi¬ 
ple  pressurized  gas,  field  distortion  rail  gap 
switches  connected  in  parallel.  The  operational 
characteristics  of  the  two  facilities  are  as 
follows: 


Total  Energy  (kJ) 

200 

110 

Charging  Voltage  (kV) 

50 

100 

Bank  Capacitance  (uF) 

158 

22 

Primary  Inductance  (nH) 

36 

26 

Quarter  Period  (us) 

3.7 

1.2 

Currents  and  voltages  arc  monitored  on  oscillo¬ 
scopes  and  transient  digitizers  to  facilitate  the 
interpretation  of  the  data.  Currents  are  measured 
with  Rogowski  belts  which  can  be  integrated  bosh 
passively  and  actively  as  desired.  Voltages  are 
measured  with  resistive  divider  high  voltage  probes. 
Figure  2  shows  a  cross-sectional  edge  view  of  a 
typical  single  folded  fuse  package.  Rectangular 
metal  foils  are  folded  around  an  insulator  and 
clamped  co  transmission  lines  at  opposite  ends. 

The  medium  which  must  rapidly  quench  the  expand¬ 
ing  vapor/liquid  from  the  exploded  foil  is  packed 
on  all  sides  of  the  fuse.  The  criteria  originally 
reported  by  Haisonnier3  placing  conditions  on  the 


fuse  cross  section  in  ctras  o £  che  system  capaci¬ 
tance  and  inductance.  Initial  bank  voltage,  and 
Che  fuse  material  properties  is  used  as  a  guide 
foe  these  fuse  designs. 

Staple  Fuse  Results 

Analytic  and  computational  sodela  of  the  switching 
rcquireaencs  iaposed  by  future  laploding  plasma 
experiments  —ply  that  the  two  relevant  parameters 
are  the  switch  opening  tine  and  the  switch  final 
iapedance.  Froa  the  aodels  opening  times  of  350  ns 
or  less  are  required,  and  final  impedances  of  the 
sane  order  as  the  *j  0  final  Impedance  of  the  im¬ 
ploding  SiaVA  load  are  necessary.  Experiment*  have 
been  conducted  on  the  two  tesc  facilities  employing 
both  copper  and  aluainua  fuses  quenched  in  glass 
beads  of  diameter  62  to  10S  va  ("Slast-O-Llte" 
3T-12).  Figure  3  shows  current  and  voltage  data 
frea  a  1  all  (.0231  as)  copper  fuse  interrupting 
1.3  MA  and  generating  a  voltage  of  220  kV  (1.4 
au triplication)  on  the  200  kJ  facility  with  a 
current  riseciae  of  about  3  us.  Taking  the  FVHK 
of  the  voltage  pulse  as  an  approximate  aaasure  of 
the  riseciae  of  the  iapedance,  the  temporal  com¬ 
pression  (tine  of  peak  voltage/FUTOi)  is  Just  over 
10.  Data  froa  an  experiaent  on  the  f.scer  100  kJ 
experiaenc  which  uas  designed  to  interrupt  che 
saae  peak  current  (l.S  MA)  using  a  1  ail  aluainua 
fuse  is  shown  in  Fig.  1.  The  fuse  generates  a 
270  kV  pulse  (3.3  aulcipllcacion)  of  120  ns  width 
for  a  12.3  temporal  coapresslon. 

Froa  the  data  in  Fig.  1.  the  resistance  of  che  fuse 
can  be  calculated  after  suitable  inductive  calcu¬ 
lations  are  applied.  And  hence  a  resistivity  for 
the  10  ca  x  20  ca  x  1  ail  thick  fuse  can  be  found. 
This  resistivity,  which  is  plotted  in  Fig.  3,  shows 
a  peak  resistivity  of  2.3  ail-ca,  with  the  last  90Z 
of  the  rise  occurring  in  100  ns.  The  peak  resis¬ 
tivity  occurs  at  che  clae  of  peak  voltage  and  when 
che  current  has  fallen  to  less  chan  20Z  of  its  peak 
value.  As  che  current  falls  to  zero,  che  resis¬ 
tivity  found  froa  V  ,/I  cakes  on  widely 

corrected  ' 

varying  values  uhich  are  suppressed  in  Fig.  S.  Ac 
peak  resistance  che  fuse  has  dissipated  70  kJ  of 
energy  tor  a  specific  energy  of  13  kJ/g.  Scaling 
this  data  to  the  large  (2  KJ)  experiaenc  results 


in  a  fuse  0.37  ca*  in  cross  section  and  21.1  ca 
long.  This  fuse  would  produce  a  resistance  of  60  mil 
ac  siailar  energy  densltiea.  Such  a  switch  is  very 
attractive  based  on  che  concepts  of  projected  load 
performance  4. 

Quench  Media 

The  final  fuae  raalacaace  values  and  che  corres¬ 
ponding  resisclvlcits  seem  to  be  influenced  by  the 
choice  of  quenching  aedia  in  the  switch  packages. 
Electrical  and  aechanlcal  considerations  in  the 
design  of  a  full  scale  system  suggest  chat  a  large 

i 

number  of  small  packagaa"  may  not  ba  acceptable  aod 

chat  che  use  of  chin  (preferably  solid)  aedia  may 

ba  praferted.  Thus  a  Halted  survey  of  quenching 

aaterial  was  conducctd,  and  cha  rasulcs  in  Table  l 

rank  cha  dlffatenc  aedia  (for  one  aluminum  foil 

geometry)  with  respect  to  the  maximum  fuse  voltages 

(V  ),  che  alnlmum  full-wldch-half-meximum  (FVKM  ) 

P  * 

of  che  voltage  spike,  and  cha  hlghtsc  peak  fuse 

current  (I  ).  The  combination  of  material  refers 
P 

co  che  media  used  oucslde/lnslde  che  hairpin  folded 
fuse. 


Sa.S.:-‘g..JaaK 

V 

p 

Table  I 
fwkmv 

Jp 

Seads/Beads 

1.00 

1.00 

1.00 

Baads/Kylar 

.97 

.99 

.98 

31/31 

.95 

.71 

.92 

AF3/AF3 

.86 

.71 

.99 

FC/PVC 

.79 

.73 

- 

PVC/PVC 

.59 

.56 

.92 

l*j,/l*i2 

.15 

.91 

.99 

Mylar/Kylar 

.28 

.13 

1.00 

1.0  us  Sank 

Bcads/Seads 

1.00 

1.00 

1.00 

Beadt/Mylar 

.33 

.86 

.90 

31/31 

.33 

.67 

.90 

Siailar  studies  with  siailar  results  for  near- 
Maisonnier  copper  fuses  (no  load)  have  been  performed 
ac  che  Los  Alaaos  Scientific  Labs^.  For  che  above 
results  31,  AFB,  FC,  ?VC,  and  LM,  refer  to  H19 
fiberglass  building  insulation,  acoustical  fiber¬ 
glass  batting,  fine  fiberglass  cioch,  polyvinyl 
chloride  sheecs,  and  liquid  nitrogen  respectively . 

The  conclusions  froa  this  survey  are  chac  foil  switch 
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packages  with  glass  beads  on  both  sides  or  on  one 
side  wish  mylar  backing  are  preferable  for  optimum 
fuse  performance,  absorbing  acoustical  shocks, 
craeklng,  and  rescrlke  holdoff.  Coarser  sand  or 
beads  appear  co  result  In  significantly  longer 
turn-off  tinea*.  Foil  vapor  can  be  expected  to 
expand  at  speeds  of  a  fraction  to  a  few  ma/tis. 

Thus  aaterial  within  one  millimeter  of  the  fuse 
foil  say  be  expected  to  be  Involved  In  the  quench¬ 
ing  action.  Following  a  fuse  shot,  a  brittle 
"potato  chip"  section  of  the  quenched  fuse  mater¬ 
ia  1  say  be  recovered  when  the  glass  beads  are 
used.  An  edge  view  of  one  of  these  1  see  thick 
sections  is  shown  In  the  top  of  Fig.  6  with  a 
100X  sagnlflcatlon  using  a  scanning  electron  slcro- 
scope  (SEX).  The  fuse  foil  was  orlglonally  co 
the  left  of  the  loosely  packed  beads,  and  the  heat 
fres  the  switching  action  apparently  salted  and 
joined  the  beads  nearest  the  foil.  The  beads 
farther  fros  the  foil  are  connected  by  "cold 
solder"  Joints  of  the  recondensed  aluminum.  The 
cop  right  photograph  shows  the  alualnua  co  be 
uniformly  deposited  throughout  the  depth  of  the 
chip  instead  of  predominantly  near  the  foil  lo¬ 
cation  as  expected,  The  10Q0X  magnification  of 
one  bead  in  the  lover  photographs  of  Fig.  6  de- 
sonscraces  how  the  alualnua  droplets  have  settled 
on  the  surface  of  the  beads  with  practically  no 
conductive  paths  between  the  droplets. 


resistance  R  should  be 

H.  r  1  - 

T  -  T 

R 


>  *  M 

For  the  experiment  the  fuse  resistance  reached  ap¬ 
proximately  40  bj.  which  implies  a  risecime  of  1*0  ns 
which  Is  slightly  longer  than  the  measured  risetime. 
Analysis  has  shown  that  the  time  of  the  output  switch 
closure  is  fairly  critical,  and  although  current  rise- 
time  was  good,  current  transfer  was  less  efficient 
chan  expected  presumably  because  output  switch  clo¬ 
sure  prevented  proper  operation  of  the  fuse. 


Conclusion 

8y  designing  fuse  geometries  to  scaeuhac  less  (  7QTJ 
chan  the  Malsonnler  criteria  the  prospects  for  ef¬ 
ficient  high  energy  transfers  co  a  load  appear  to  be 
good,  especially  when  a  low-jitter  oueput  switch  is 
incorporated  into  the  circuit.  Fuse  experiments  on 
a  facility  slower  than  the  SHIVA  system  and  on  one 
chat  is  faster  indicate  that  200  -  300  ns  pulses  can 
be  delivered  to  the  SHIVA  load.  The  observed  fuse 
resistivities  arc  promising  according  to  the  SHIVA 
paraaettra,  and  the  glasa  beads  will  be  the  primary 
quenching  material  for  upcoming  Inductive  storage 
applications. 
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Abstract 

The  application  of  lightweight  reliable 
capacitors  in  a  mobile  energy  store  is  dis¬ 
cussed.  The  relationship  of  system  design 
parameters  to  capacitor  sire  and  life  is  dis¬ 
played.  Electric  fields  and  weights  of  a 
21  J/lb  and  a  *7  Jl lb  pulse  discharge  capacitor 
design  are  given.  Estlsaces  of  future  near- 
term  development  are  made. 


INTRODUCTION* 

In  the  vast  aajority  of  aerospace  applications,  the 
capacitor  may  be  successfully  created  by  circuit 
and  system  engineers  as  a  black  box  containing  an 
essentially  ideal  passive  circuit  element.  Capaci¬ 
tors  are  normally  applied  well  within  their  rating* , 
and  are  deelgned  extremely  conservatively,  even  for 
high  voltage  applications.  Recently,  however,  s 
new  class  of  mobile  pulaed-power  system*  has 
emerged.  In  these  systems,  a  capadcaclvc  energy 
store  say  comprise  a  substantial  fraction  of  the 
weight  and  volume  of  the  entire  aystem.  Became 
of  the  "black  box"  design  approach,  syacem  param¬ 
eters  are  often  selected  without  a  clear  understand¬ 
ing  of  their  combined  effecc  on  the  weight,  life, 
and  reliability  of  the  energy  storage  capacitors. 
Since  a  major  design  goal  in  a  mobile  syacem  is  to 
reduce  system  sire  and  weight,  deelgns  arc  some¬ 
times  produced  for  which  no  appropriate  capacitors 
aro  available,  or  in  which  non-ideal  capacitor* 
must  be  used  in  a  make-do  situation,  resulting  in 
generally  unsatisfactory  component  performance. 

The  designer  is  hampered  by  the  total  lack  of  all 
but  rudimentary  data  on  the  application  of  the  com¬ 
ponent,  often  because  no  cesclng  has  been  done  by 
manufacturers  or  published  in  the  liters  cure.  The 
manufacturing  processes  themselves  are  poorly  con¬ 
trolled,  resulting  in  high  part-co-parc  non- 
uniformity  as  well  as  lot-to-lot  non-uniformity. 
Finally,  except  for  measurements  of  capacitance 
and  dissipation  factor,  no  industry  or  military 
specifications  or  standards  exist  for  the  measure¬ 
ment  of  various  parameters  important  to  pulse  dis¬ 
charge  application. 

This  paper  discusses  the  application  of  lar»c 
capacitors  in  high  power  pulse  for»ir.8  networks. 

The  impact  of  system  parameters  such  as  pulse 
width,  pulse  rise  c i-s  and  repetition  race  upon 
the  ueighc.  life,  and  reliability  of  the  energy 


store  Is  discussed.  The  problem  of  application  in 
hostile  environments  is  examined.  Present  experi¬ 
mental  results  are  reviewed,  and  projections  of 
achievable  weight  and  volume  for  mobile  energy 

atcr*  are  mad*. 

APPLICATION 

Many  syacem  level  parameters  affecc  the  applica¬ 
tion  of  pulse-discharge  capacitors  in  a  reliable 
mobile  energy  score.  These  are: 

•  Pulse  width  and  shape 

•  Load  iapedanca 

*  Puls*  repetition  rate 

*  Charge  voltage  and  waveshape 

*  Burst  duty  cycle 

•  Load  match 

a  Thermal  impedance  of  mount 

*  Available  cooling 

•  Operational  temperature  rang* 

•  Air  pressurt/alcicude 

*  Air  quality-contaminants 

Each  of  thee*  impacts  electrical  and  thermal  fail¬ 
ure  mechanisms.  In  the  sections  btlov,  each 
parameter  ia  discussed  and  lea  effects  displayed. 
The  motive  her*  is  to  show  how  •<>  make  rh*  oper¬ 
ating  environment  less  severe;  s  less  severe 
environment  allows  smaller,  lighter,  more  reliable 
capacitor*. 

PULSE  WIDTH  AND  SHAPE 

These  two  parameters  determine  the  frequency  spec¬ 
trum  and  relative  magnitude  of  che  discharge  cur¬ 
rents  for  each  PFN  cspscicor.  For  a  system  where 
all  ocher  parameters  remain  che  same,  a  shorter 
output  pulse  results  in  a  larger  amount  of  power 
dissipated,  and  therefore  a  higher  operating  temp¬ 
erature  and  shorter  life.  Similarly,  a  given  pulse 
width  with  faster  rise  time  requires  more  ?FN  sec¬ 
tions,  and  this  hai  che  same  effecc  as  a  shorter 
pulse. 

It  is  easy  to  show,  for  a  given  energy  storage,  Cba 
che  power  dissipation  is  linear  in  1/r,  where  r  is 
the  output  pulse  width.  This  ignores  che  fact  chat 
dissipation  factor  is  not  constant  with  frequency. 


hue  normally  this  U  not  a*  large  *«  and 

suae  ha  worked  oue  for  each  Insulating  system. 

The  puli*  rii*  da*  will  h«  approximately  2T/(2.*lft), 
where  »  U  eh*  number  of  rra  net  ton*.  As  eh*  cua- 
bar  of  i*cclon*  increases  for  *  given  energy.  eh* 
frequency  dependence  of  dlseipstion  factor  (or  ESR) 
vtll  generally  eaui*  eh*  power  dissipation  eo 
Increase. 

LOAD  IHPEDAXCS 

Lou  Impedane*  toad*  ar«  more  difficult  eo  drive 
because  eh«y  require  high  current*.  Real  problem* 
aria*  only  If  capacitor  current*  above  about  20  kA 
are  necenary,  b«eaui*  of  eh*  extreme  mechanical 
force*. 

PULSE  REPETITION  RATE 

Th«  puli*  width  and  ship*  determine  eh*  pov«r 
dlitlpaced  In  eh*  capacitor  for  each  pula*.  Th* 
puli*  rep*elelon  rat*  deceralnes  eh*  power  dlssi- 
paeed  per  unit  els*  during  eh*  puli*  bunt: 

*Wsc  ’  ?puli*  *  m 

This,  In  turn,  li  linearly  related  eo  eh*  Internal 
teaperacuro  and  thus  eo  capacitor  Ilf*. 

CHARSE  VOLTAGE  AND  WAVESHAPE 

Very  high  charging  voltage*  cau*«  an  lncr*a«*  In 
weight,  became  additional  interconnection*  and 
inaulatlon  between  eat*  and  eapacleor  e.leaenc  ar* 
required.  Varlou*  curve!  have  been  pr**«ne«d.  One 
rule  of  ehuab  1*  5  percent  weight  Inert***  2Q  to 
20  kV.  10  :o  IS  percent  Incrtaa*  In  eh*  30  to  10  kV 
range,  and  at  leaic  20  percent  Inert***  above  IQ  kV. 
3ecaui*  very  high  voltage  capacitor*  requlr*  addi¬ 
tional  (cries  section*  and  therefor*  additional 
interconnection* ,  overall  reliability  Is  lover. 

Charge  waveshape  effects  the  capacitor  diraipaclon 
Curing  the  charging  cycle.  Surprisingly,  system* 
have  been  designed  for  which  the  dissipation  during 
charge  was  as  large  a*  the  dissipation  during  dis¬ 
charge,  and  since  designers  nonsally  neglect  charge 
dissipation,  such  sysceas  nonsally  bum  up.  Sna* 
dielectric  sysceas  used  In  energy  storage  capacitors 
have  very  high  dissipation  factors  at  normal  charg* 
frequencies.  It  Is  wise  to  utilise  as  auch  of  the 
interpulse  spacing  as  possible  to  charge  the  score, 
since  power  dissipation  Increases  ss  the  pesk  cur¬ 
rent  Increases. 

auasT  mrrf  cycle 

A  capacitor  of  average  dlaenslons  (5  x  5  X  7  in.) 
or  larger  has  a  long  thermal  time  constant,  because 
even  with  heavy  foil,  the  capacitor  eleaenc  has  an 
extremely  poor  thermal  dlffusivlcy.  Time  constants 
arc  In  the  range  of  several  hours.  Therefore,  the 
burst  duty  cycle  determines  the  highest  sendee 
temperature  seen  during  a  given  mission.  Since 
the  time  conscanc  la  so  large,  variation  of  burst 
length  and  spacing  on  a  scale  auch  smaller  chan  the 
time  conscanc  has  little  effect  on  the  temperature, 
provided  the  energy  transferred  remains  the  same. 


LOAD  HATCH 

1c  is  normally  possible  to  match  the  energy 
scot*  to  the  loed  within  a  few  percent, 
even  for  load*  which  exhtblc  complex  time- 
dependent  crantfer  characteristics,  failure  to 
match  th*  loed  result*  In  a  large  voltage  rever¬ 
sal.  This  drastically  shortens  component  life. 

Th*  syetem  level  retulc  Is  shorter-lived, 
extremely  heavy  component*,  with  weights  being 
between  2  and  5  time*  as  large  as  what  would  have 
been  possible  with  a  matched  load. 

Passive  thermal  considerations 

The  thermal  Impedance  of  th*  mounting  and  th* 
available  cooling  determine  th*  temperature  rise 
during  a  series  of  bursts  over  a  time  lunger  then 
an  hour.  It  la  Important  to  provide  cooling  to 
limit  this  rise  to  prolong  capacitor  life.  Th* 
absolute  temperature  reached  depends  on  the  oper¬ 
ating  ambient.  System*  which  operate  In  high 
ambient  or  with  poor  cooling  will  be  several 
time*  larger  chan  the  Ideal. 

ALTITUDE 

Two  Important  problem*  obtain  from  th*  operation 
of  an  energy  score  at  high  or  variable  altitude. 

On*  problem  1*  chat  It  la  difficult  to  provide  a 
highly  reliable  termination  for  this  service;  th* 
second  problem  le  ch*  variation  of  atmospheric 
pressure  may  caua*  pressure  variation  within  eh* 
oil-filled  components  in  the  energy  score. 

Th*  termination  and  Interconnection  problem  In  this 
type  of  system  In  a  variable  preseur*  environment 
is  severe.  Prototype  systems  usually  employ  make¬ 
shift  non-demouncable  high  current  connectors. 
Normally  available  high  alclcud*  high  voltage  con¬ 
nectors  cannot  handle  ch*  high  peak  currents  and 
ch*  large  R MS  currents  during  ch*  burst.  Probably 
th*  best  solution  Is  co  fabricate  custom  connectors 
for  each  lnacsllecion. 

If  ch*  cases  of  the  oll-fllled  component*  are 
flexible,  as  are  nose  light-weight  cases,  the 
reduction  in  pressure  at  high  altitude  causes  a 
reduction  In  the  pressure  of  ch*  oil  below  atmos¬ 
pheric.  This  Is  well  known  co  cause  Immediate  and 
significant  degradation  of  corona  lncepcion  voltage, 
and  will  cause  shore  life  and  premature  failure. 
Flexible  cases  muse  be  supported  or  ocher  methods 
must  be  used  co  maintain  oil  pressure  under  any 
operating  condition. 

AIR  QUALITY 

Some  mobile  inacallacions  operate  in  high  humidity 
environments  or  other  situations  where  pcococype 
connections  and  terminations  will  cause  substantial 
system  malfunction.  Interconnections  of  the  type 
used  In  high  altitude  operation  are  usually  suf¬ 
ficient  co  protect  agi  Inst  these  types  of  malfunc¬ 
tion.  However,  the  added  weight  of  these  extra 
precautions  needs  ro  be  considered. 


RSCEbT  SCPERIMEbTAL  RESULTS 

As  tut  been  discussed  previously,  eh*  unavoidable 
failure  seehanisa  In  a  well-constructed  capaelror 
It  uniform  corona  damage  at  the  foil  «dg««.  In 
ehlt  tection,  several  dielectric  systems  presently 
In  use  are  described,  and  electric  fields  for 
satisfactory  operation  with  10s  to  10*  shot  life 
are  given.  Several  complete  capacitors  are  des¬ 
cribed,  and  their  energy  density  displayed. 

CAPACITOR  STRUCTURE 
«■—  —  —  ■  — . — 

the  capacitor  structure  tested  Is  a  flat-vound 
foil  capacitor  esploylng  liquid  lspregnated  five 
layer  dielectrics.  All  capacitors  to  be  described 
employed  SIB  krsft  paper  and  polysulfone  as  the 
dielectric,  and  cither  mineral  oil  or  dloctylph- 
thalate  as  the  fluid.  Capaeltor  sections  were 
sade  In  the  range  1.1  to  3.3  uF,  with  anticipated 
operating  voltages  In  the  range  5  to  7.3  kV. 
Complete  capacitors  valued  2.3  uF  13  kV  were, 
assembled  from  these  components. 

It  was  determined  by  a  series  of  Indirect  aeasure- 
nents  that  the  thickness  of  the  oil  layers  in  these 
cosponents  was  1.0  us  for  each  pair  of  surfaces. 
Thus,  a  component  with  5  solid  dielectric  layers 
also  contained  about  6.0  ua  of  fluid.  This  Is 
approximately  32  percent  less  fluid  than  Is  nor¬ 
mally  found  In  an  oil-filled  capacitor.  The 
extreat  thinness  and  uniformity  of  the  fluid 
layers  Is  thought  to  be  partially  responsible  for 
the  high  layer  operating  fields  and  uniform  degra¬ 
dation  found  experiaentally. 

ELECTRICAL  SERVICE  CONDITION 

Tests  on  all  cosponents  and  sections  were  run  with 
a  minima  duty  profile  of  300  pps  for  1  alnute, 
with  2  hours  between  bursts.  Cosponents  were 
tested  In  an  apparatus  which  duplicates  frequency 
distribution  and  current  aagnltudes  of  PFN  oper¬ 
ation.  Discharge  puls*  width  was  20  us,  and 
voltage  reversal  vat  23  percent.  Expected  life 
was  10*  pulses  minimus,  or  5.3  full  bursts. 

UHITISG  ELECTRICAL  FIELDS 

The  maximum  fields  found  for  two  different  lspreg- 
nants  at  reliable  life  greater  than  10*  pulses  are 
shown  in  the  following  table  for  otherwise  identi¬ 
cal  structures. 

a)  Mineral  Oil  Inoreenanc  -  Average  Field 
3750  Vf=ll 

Material 


Paper 

Plastic 

Fluid 


Field  V/ell 

2624 

3714 

5233 


b)  Ploctylphthalate  Isoregnant  -  Average  Field 
446oTr<mll 

Material  Field  V/mil 

Paper  3-'«30 

riattlc  5266 

Fluid  2761 

The  higher  average  field  possible  for  the  higher 
dielectric  constant  lspregnant  Is  due  to  better 
field  balance  In  the  dloccylphthalate  part.  The 
design  goal  is  to  have  operating  electric  fields 
in  the  same  ratio  as  known  break-down  voltages, 
lialtlng  fields  occurred  in  the  fluid  with  mineral 
oil,  end  in  both  psper  and  plastic  with  dloccyl- 
phthalate.  Some  improvement  may  be  possible  In 
this  design,  but  no  aore  than  10  percent. 

COMPLETE  CAPACITORS 


Two  different  coaplete  capecitors  have  been 
an  tabled,  both  with  2.2  uF  13  kV  rating,  one 
design  esployed  mineral  oil,  and  was  designed  at 
moderate  stress  and  with  sturdy  construction. 

The  operating  flelda  ware: 

Material  Field  V/all 

Paper  1904 

Plastic  291S 

Fluid  4113 

This  component  was  very  reliable,  and  had  life  In 
excess  of  10*  shots  on  a  routine  basl*.  The 
second  component  used  dloctylphthalate,  and  was 
designed  for  absolute  minima  ualghc.  The  oper¬ 
ating  fields  are  lleted  In  the  previous  section. 

A  breakdown  of  the  weight  of  each  component  is 
shown  below. 


Design  1  Design  2 


Item 

Weight 

Weight 

Sections  (wet) 

3.126  kg 

1.126  kg 

Case 

892  g 

96  g 

Terminal 

57  g 

57  g 

Case  Insulation 

546  g 

102  g 

Extra  Oil 

599  g 

101  g 

Totals 

5.22  kg 

1.482  kg 

Specific  Height 

20. 8S  g/J 

5.93  g/J 

True  Energy 

Density 

0.087  J/c=T 

0.265  J/c 

"Energy  Density" 

21.7  J/lb 

76.5  J/lb 

discussion 


The  AC  electric  field*  being  readied  over  a  large 
area  of  the  polymer  flla  in  design  2  in  about 
70  percent  of  the  short-term  small  art*  "intrinsic" 
breakdown  test  value  for  she  flla.  The  failure 
analyte*  indicate  chat,  with  the  present  design*, 
the  Halt  for  the  paper  1*  also  quite  close,  it 
is  therefore  esclaated  that,  at  beat,  a  10  percent 
isprovbaent  in  field  la  possible  without  foil  edge 
sodification.  This  translate*  to  a  21  percent 
isproveaent  in  "energy  density". 


ESTIMATES 

For  the  aid  of  systeae  engineers,  herewith  Is  a 
short  discussion  of  near  tera  laproveaenc  possi¬ 
bilities  and  real  values  for  real  system*. 

ULTIMATE  ENEXCT  OEMS ITT 


Using  presently  available  aattrials  and  techniques, 
the  absolute  best  attainable  energy  density  for  an 
individual  capacitor  in  a  aetallic  case  will  be  in 
the  rang*  of  30  to  110  J/lb  for  the  type  of  service 
discussed  above.  For  DC  service  with  low  ripple, 
short-lived  but  reliable  cosponenta  aay  be 
designed  in  the  rang*  200  -  100  J/lb.  Components 
Intended  for  customary  military  usage  will  be  a 
factor  of  2  heavier,  because  of  sturdy  construc¬ 
tion  and  the  necessity  of  wide  temperature 
operation. 

IMPROVEMENT 

Two  avenues  are  open  for  the  laproveaenc  of  these 
figures.  First,  foil  edge  ereaeaenc  has  shown 
proalae  in  raisin;  corona  inception  voltages  of 
*aall  sections  of  foil  edges,  the  laproveaenc  being 
about  IS  percent.  Second,  iaproved  solid  sheet 
dielectrics  could  be  sad*,  either  by  isprovlng  the 
mechanical  perfection  of  the  fllas  or  by  modifying 
them  to  provide  iaproved  electrical  properties. 
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Abstract 

The  electrical  installations  of  a  large  fusion 
experiment  present  cany  potential  dangers  such  as 
residual  charges  on  capacitor  banks  and  cables, 
power  rectifiers  and  other  related  power  supplies, 
etc.  The  commonly  used  voltages  of  1  to  20  kV  are 
lethal  and  the  available  power  is  sufficient  to 
cause  severe  arc  damage. 

Many  experiments  require  frequent  safe  access  with 
a  minimum  of  time  loss  by  both  operating  personnel 
and  experimenters.  Safety  must  be  automatic  since 
tha  people  Involved  are  likely  to  be  preoccupied 
with  the  experiments. 

The  paper  reviews  some  commonly  employed  practices 
•and  discusses  the  adequacy  and  safety  of  various 
grounding  devices.  The  safety  grounding  scheme 
for  the  TEXT  Tokasak  is  described.  Specially  de¬ 
signed  switches,  their  contact  and  operating  aecha- 
hxsm,  are  shown  and  the  integration  of  the  switches 
in  the  overall  control  and  safety  system  is 
discussed. 

Introduction 

Large  fusion  experiments  have  many  high  voltage 
carrying  circuits  which  can  be  dangerous  to  the 
experimenters.  Generally,  the  experimental  area 
is  cleared  of  personnel  immediately  before  a  shot, 
but  the  nature  of  the  work  requires  frequent  access 
by  people  primarily  concerned  with  their  experi¬ 
ments,  often  being  under  ressure  of  time  and  not 
paying  much  attention  to  safety.  It  Is  mandatory 
to  institute  safety  procedures  which  cannot  be 
bypassed  and  to  secure  all  conductors  which  are 


connected  to  electrical  power  sources  through 
grounding  and/or  short  circuiting  switches.  Such 
switches  are  necessary  even,  if  in  the  normal  pro¬ 
cedure,  the  circuits  are  deenergised  since  there  it 
always  the  possibility  of  malfunction.  Typical 
hacards  are,  for  example:  residual  charges  on 
capacitor  banks  and  cables,  rtaanence  voltages  of 
rotating  machines,  residual  voltages  of  phased  out 
rectifiers,  etc.  The  voltages  involved  in  typical 
power  supplies  of  fusion  experiments  are  high 
enough  to  be  lethal,  and  the  sources  have  a  low 
impedance  and  very  high  current  capability.  There¬ 
fore,  a  flashover  can  lead  to  heavy  arc  damage, 
both  to  personnel  and  equipment. 

Some  Commonly  Employed  Practices 

In  utility  systems  rather  elaborate  clearance  pro¬ 
cedures  are  used  before  any  personnel  are  allowed 
to  werk  on  high  voltage  carrying  equipment.  These 
procedures  noimally  include  disconnection,  ground¬ 
ing  at  several  locations  and  redundant  checking  at 
several  levels  of  supervision.  The  procedure  is 
very  reliable  but  time  consuming  and  not  suitable 
for  a  laboratory  operation. 

Manual  grounding  with  grounding  sticks  is  very 
popular  in  a  laboratory  experiment.  It  is  adequate 
when  used  as  a  redundant  grounding  in  deenergised 
circuits,  but  rather  dangerous  when  accidentally 
practiced  on  a  hot  circuit  such  as,  for  example, 
a  charged  capacitor  bank  where  the  discharge  flash 
is  liable  to  cause  ear  and  eye  injuries.  Since  the 
method  depends  upon  the  discipline  of  the  people 
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using  it,  accidents  say  occur  duo  to  negligence  or 
forgetfulness  of  the  personnel  involved. 

Grounding  switches  of  aodest  current  carrying 
capability  of  the  high  voltage  contact  type  are 
cosaonly  used  on  capacitors,  very  often  with 
current  Uniting  resistors  in  Tories.  These  are 
normally  solenoid  operated  and  closed  by  gravity 
or  spring  action.  For  high  power  sources  their 
current  carrying  ability  is  generally  too  snail. 

Sose  grounding  safety  switches  have  been  built 
using  the  old  grounding  chain  as  a  contact  systea. 
They  consist  of  soae  hand  operated  nechanlsn 
lowering  grounding  chains  over  exposed  busbars. 

The  presumption  Is  that  an  accidentally  energised 
circuit  will  initiate  an  arc  before  any  personnel 
gets  in  contact  with  the  hot  circuits. 


Fig.  i.  TEXT;  Diagram  of  Safety  Switches 

and  Transfer  Switches  for  Discharge 
'  Cleaning 

bounding  Systea  for  the  TEXT  Tokanak 

The  Texas  Fusion  Plasna  Research  Tokanak ^  is 
planned  as  a  user  facility  for  the  purpose  of 


running  a  multitude  of  smaller  experiments .  As  a 
consequence  there  will  be  many  experimenters  and 
some  will  be  unfatalllar  with  the  device.  There 
will  also  be  the  need  for  frequent  access  to  the 
test  area  without  undue  time  loss.  Under  these 
circumstances  the  best  solution  appears  to  be  an 
automatic  Interlocked  system  as  schematically  in¬ 
dicated  in  Fig.  1.  Interlocking  is  such  that  the 
safety  switches  are  permitted  to  close  only  after 
the  power  supplies  are  deenergised.  In  turn,  the 
access  doors  are  unlocked  only  after  the  safety 
switches  have  transferred  to  the  grounded  position. 
The  interlock  scheme  further  provides  for  Switch  A 
to  be  closed  and  the  main  switch  to  the  toroidal 
field  power  supply  to  be  opened  before  the  dis¬ 
charge  cleaning  switches  can  be  transferred.  In 
this  operating  condition,  personnel  access  to  the 
Tokaaak  Is  permissible.  Additional  surveillance 
by  the  experimenter  will  still  be  required  (for 
example,  closed  circuit  television),  and  all  per¬ 
sonnel  will  be  asked  to  observe  warning  lights. 

Rating  of  the  Switches 

Except  for  the  contingency  of  a  control  malfunction, 
the  switches  will  always  make  and  break  deenergited 
circuits.  However,  they  are  laid  out  for  the  high¬ 
est  possible  short  circuit  current,  both  dynamically 
and  thermally.  This  is  in  order  to  Insure  safaty 
should,  for  some  reason,  a  circuit  be  energized 
during  the  personnel  access  period.  Since  switches 
of  the  same  type  are  used  to  connect  the  discharge 
cleaning  power  supplies;  the  contact  systems  are 
also  designed  for  a  continuous  duty.  Transfer  tine 
is  of  little  laportancc  as  long  as  it  does  not 
delay  the  personnel  access  and  is  arbitrarily  set 
at  10  s  or  less.  Insulation  level  is  10  kV,  which 
is  S  tines  the  highest  service  voltage.  The  nominal 
ratings  are  tabulated  in  Table  l. 

An  attempt  nade  to  procure  commercial  switches  for 
this  duty  was  abandoned  for  economical  and  avail¬ 
ability  reasons. 


Table  1 


Switch 


i 

L  _  .  . 

A 

B 

i.  . 

iPeau  current 

kA 

40 

400 

3  sec  current 

kA 

20 

160 

Continuous  current 

kA 

1.2 

6 

/rdt 

10  Vs 

1.2 

75 

Test  voltage  {dc} 

(opon  gap  and  to 

ground) 

kV 

10 

10 

Made  of  operation 

pneumatic 

el.  motor 

Design  features 

Switch  A,  the  protective  switch  for  the  poloidal 
coil  systen  is  shown  in  Fig.  2.  It  is  a  four  pole 
knife  switch  with  grounded  blades.  In  the  closed 
position  the  switch  shrrt  circuits  and  grounds  the 
outputs  of  all  three  poloidal  field  supplies  and 
the  coil  system.  The  fourth  pole  of  the  switch  is 
a  spare  for  possible  future  use.  The  switch  is 
driven  by  a  pneuaatic  cylinder  controlled  through 
a  solenoid  four  way  valve  and  is  mechanically 
latched  in  either  end  position  against  accidental 
notion.  The  contact  systea  consists  of  dual 
copper  blades  straddling  the  stationary  contacts. 

The  blades  are  spring  loaded  and  so  designed  that 
the  electro-uagnetic  forces  of  the  current  increase 
the  contact  pressure.  The  key  data  of  the  switch 
are  tabulated  in  Table  1. 

A  switch  of  similar  design  (B),  but  laid  out  as  a 
double  throw  switch,  is  used  to  connect  the  poloi¬ 
dal  coil  systea  to  the  discharge  cleaning  power 
supply.  Switches  A  and  3  are  pneumatically  inter¬ 
locked  so  that  the  discharge  cleaning  can  only  be 
activated  if  switch  A  is  in  the  safety  position. 

Switch  C,  the  protective  switch  for  the  toroidal 
field  systen  is  designed  for  a  peak  current  of 
•100  kA,  and  since  a  switch  of  identical  design  is 
to  be  used  to  connect  the  toroidal  field  coils  to 
a  continuous  dc  cupply  during  discharge  cleaning, 
it  had  to  be  laid  out  for  a  S  kA  continuous  current. 
The  design  chosen  for  this  duty  is  pictured  in 


Fig.  3  which  shows  the  switch  in  the  closed  posi¬ 
tion.  It  is  a  sliding  contact  design  with  a  cylin¬ 
drical  moving  contact  of  4"  diameter  and  3/8" 
copper  wall.  The  stationary  contacts  are  rings 
fitted  with  contact  spring  bands  ("MULTI  LAM"  © ) 
guaranteeing  an  adequate  springy  connection  be¬ 
tween  the  stationary  and  the  aoveable  contact. 

Rating  of  the  switch  is  based  both  on  manufacturer's 
data  and  experiments  performed  with  the  sane 
material  on  a  plug-in  contact^  and  suitably 
derated  to  guarantee  an  adequate  safety  margin. 

The  two  moveable  contacts  arc  cemented  on  a  glass 
epoxy  tubular  support  which  at  its  end  carries  a 
nut  engaging  in  the  drive  screw.  This  screw  is 
driven  by  a  gear  motor,  the  direction  of  which  can 
be  reversed  to  produce  notion  in  either  direction. 
Auxilllary  switches  operated  directly  by  the  nove- 
able  contact  asseably  assure  stopping  of  the  drive 
motor  in  either  end  position  and  serve  as  remote 
Indicators  for  the  position  of  the  switch  and  for 
the  purpose  of  interlock  control.  Since  the  screw 
drive-gear  motor  combination  is  self-locking, 
mechanical  end  locks  were  not  necessary  in  this 
design. 

Air  identical  switch  (D)  will  be  used  to  connect 
an  auxilllary  power  supply  to  the  TF  coil  which 
will  feed  5,000  A  into  this  coil  system  during  dis¬ 
charge  cleaning  of  the  vacuum  torus. 
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Fig.  2.  Grounding  Switch  f or  ?F  Coll  System 

1)  Main  frame  6)  Stationary  contacts 

2)  Operating  cylinder  7)  Moving  contacts 

3)  Drive  lever  3)  Ground  strap 

1)  Shaft  9)  Locking  mechanism 

5)  Terminals  10)  Control  valve 


Fig.  3.  Grounding  Switch  for  TF  System 


1)  Terminal  plates  6)  Insulating  support 

2)  Stationary  contact  7)  Tie-rod 

3)  Moving  contact  3)  Drive  motor 

4)  Insulating  operating  rod  9)  Chain  drive 

5)  Operating  screw  (a)  and  10)  Auxiliary  switches 

nut  (b) 
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Abstract 

Inductance  and  resistance  characteristics  of 
single-site  untriggered  water  switch  arc-channels 
have  been  investigated  by  measurement  of  their  ef¬ 
fects  on  frequency  and  voltage  gain  in  a  water 
capacitor  transfer  circuit.  Data  are  presented  for 
two  distinct  switch  configurations  oovaring  a 
voltage  range  from  3  to  6  MV,  gaps  froa  7  to  35  cat, 
and  mean  switching  fields  froa  150  to  350  kV/cm.  A 
simple  lumped  circuit  aadel  is  postulated  with 
switch  L  and  X  varying  linearly  with  gap  spacing 
under  low  voltage  conditions.  Extrapolation  of 
this  zero-order  model  to  higher  voltage  conditions 
compares  favorably  with  measured  circuit  character¬ 
istics.  Energy  loss  in  the  water  switch  is  ob¬ 
served  to  be  approximately  a  factor  of  two  in 
excess  of  maximum  losses  predicted  froa  previous 
estimates. 1,2 

Introduction 

Veter  transfer  capacitor  circuits  are  often 
applied  in  the  design  of  high-power,  low-impedance, 
short-pulse  generators.  In  practice  the  circuit 
provides  an  intermediate  power  amplification  stage 
in  which  energy  from  a  Marx  generator  is  input 
(over  a  few  microsecond  timescale)  to  a  capacitor 
and  then  transferred  (over  a  few  hundred  nanosecond 
timescale)  via  a  switch  to  a  second  capacitor.  The 
principal  benefits  afforded  by  such  circuits  are* 
(1)  the  ability  to  operate  the  second  capacitor  at 
higher  stress  levels  than  possible  through  direct 
charging  by  the  Marx;  and  (2)  the  relaxation  of 
switching  requirements  on  the  second  capacitor 
stage.  Both  benefits  result  from  a  reduction  in 


the  second  stage  charge  time.  Wlthir.  certain 
limitations,  single-site  untriggerad  water  switches 
can  be  used  to  accomplish  the  transfer  of  energy 
between  the  two  capacitors  in  the  circuit.  Two  of 
these  limitations,  Inductance  and  effective  resist¬ 
ance  of  the  switch  arc-channel,  are  the  subject  of 
this  paper. 

Conclusions  from  pioneer  work  by  3.  C.  Martin 
and  his  associates  at  AWAE, *  summarized  in  a  set  of 
semi-empirical  formulae  meant  to  roughly  estimate 
energy  loss,  inductance,  and  the  duration  of  the 
resistive  phase  of  such  arc-channels,  have  remained 
basically  unaltered  over  the  last  decade  and  have 
provided  valuable  tools  in  the  design  of  switches 
over  a  wide  parameter  range.  As  recently  as  1977, 
VanDevender2  reported  current  risetime  and  energy 
loss  in  a  <  1.8  MV  water  switch  to  be  adequately 
described  by  J.  C.  Martin's  semi-empirical  rela¬ 
tional  he  additionally  observed  no  evidence  of  a 
later  time  plateau  resistance  phase  which  bad  been 
observed  in  previous  lower-energy  and  lower-voltage 
switch  experiments.3 

Accurate  direct  measurement  of  the  inductance 
and  time-varying  resistance  of  water  sparks  under 
high  voltage  and  high  energy  density  conditions  is 
a  formidable  task.  Indirect  inference  of  induct¬ 
ance  and  resistance  from  transfer  circuit  frequency 
and  voltage  gain  presents  a  more  tractable  measure¬ 
ment  problem  but  introduces  considerable  uncertain¬ 
ty  accumulated  from  a  combination  lonitor  calibra¬ 
tion  accuracy,  wave  transmission  effects,  and  ac¬ 
curacy  of  estimating  the  various  fixed  L's  and  C's 
for  realistic  capacl-or  and  electrode  geometries. 

In  contrast  to  past  studies,  the  unique  features  of 
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the  present  work  It*  ia«  (11  the  Improved  accuracy 
of  Inferred  resistance  and  inductance  made  possible 
by  conparlson  at  two  different  switch  oonflgura- 
tiona  ur.dar  virtually  ldantlcal  conditions  for  all 
othar  experimental  paraxtara  (i.e.,  voltage,  C's, 
fixed  fc's,  and  monitorsh  and  (2)  tha  axtanaion  of 
axpariaancal  conditions  ovar  a  factor  of  S  range  in 
arc-channel  lengths  for  tha  >ua  basic  circuit* 

Apparatus 

Tha  physical  and  alactrical  configuration  of 
tha  transfar  circuit  is  ahown  schematically  in  fir* 
ura  1.  Tha  luapad  circuit  approximation  as  sum* 
that  tha  transfar  circuit  rasponsa  is  coaplataly 
dacouplad  from  tha  harx  charging  of  capacitor  It 
although  chit  assumption  is  not  itrictly  corract, 
tranaftr  circuit  raaponaa  data  wars  analyxad  only 
for  a  narrow  ranga  of  trsnsfar  switch  closura  times 
(350  to  450  ns  prior  ca  pash  of  ths  raaonanca 
charga  on  capacitor  1)  such  that  small  dlffarancaa 


In  gain  on  capacitor  2  dua  to  diffarant  transfar 
switch  closura  tiaas  wars  ainimixed. 


Figure  1  Transfer  circuit  physical  and  electrical 

(lumped  circuit  approximation)  configuration. 


figure  2  shows  tha  geometry  of  tha  water 
switch  region  in  core  detail  with  estimates  of  tha 
fixed  electrode  inductances  for  tha  initial  low- 
voltage  tests.  Two  distinct  ball/plans  geometry 
switch  configurations  were  tested,  corresponding  to 
heaispherical  ball  diameters  of  5  ca  and  15  as. 

The  initial  voltage  polarity  cn  capacitor  1  was 


negative,  giving  negatively  enhanced  switch  opera¬ 
tion  throughout  the  W  to  35  os  and  7  ca  24  cm 
ranges  of  gap  spacings. 


Figure  2  Switch  geometry  snd  electrode  inductance 
estimates  for  low  voltage  tests. 


experimental  Results  and  Analysis 

The  post-switching  voltage  on  capacitor  2  was 
found  to  be  closely  approximated  by  a  (1  -  coewt) 
waveform.  Figure  3  exhibits  an  overlay  of  a 
typical  measured  voltage  waveform  and  a  (1  -  ooawt) 
waveform  added  to  the  measured  prepul »e  voltage 
level.  The  waveforms  typically  matched  well  up  to 
tha  tlx  whan  capacitor  2  was  awitchad  to  a  sub- 


Figure  3  Comparison  of  transfer  circuit  waveform  to  1  •  cos  «t. 
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sequent  tugt,  with  the  ax  caption  of  a  staepcning 
of  tha  vary  early-time  voltage  waveform  l-*  50  ns 
into  tha  transfer  period)  and  a  faw  parcant  over- 
0  i hoot  fro*  (1  -  co«“t)  about  100  n>  prior  to  tha 

transfer  voltaga  peak.  Thaae  minor  discrepancies 
are  oonalatant  with  an  early-time,  rapidly  varying 
raaiativa  phaaa  of  tha  awitch  are  and  transsdsslon 
llna  effects  which  hav*  baan  modeled  alaawhara  in  a 
^  core  complete  transmission  line  coda  (NTT-2)  analy¬ 

sis  of  tha  circuit. 


Figure  4  oosparaa  tha  circuit  waveforms  for 
tha  x<o  awitch  configurations  under  virtually 
idantlcal  oonditiona  for  all  other  experimental 
paraaatcrai  relative  voltage  gain  and  circuit  fre¬ 
quency  are  measurably  higher  for  tha  shorter  arc- 
channel  configuration.  Allowing  for  meaaureaMnt 
error  and  uncertainties  in  choosing  a  beat  fit  to 
the  ( 1-coaw-)  wavaforma,  we  obtain 
,U»/-A,J  "  ,«19  2  0.04  *nd  (Gg/C^ )  »  1.05  ±  0.02 
for  the  two  configurations,  where  “  -  frequency  and 
C  -  Vpj.  -  Vpp.  Following  the  lumped  circuit  ap¬ 
proximation,  the  frequency  and  wltaga  gain  are 
related  to  the  circuit  paraaatara  as  w3  ■  1/LC  (for 
thaae  data  R3c/4L  *  jo-3)  and  G  «  (1+sxp 
(-«unc/2)l. 


To  interpret  the  obaerved  circuit  performance 
in  tarma  of  arc-channel  characteristics  we  asaueed, 
in  tha  spirit  of  a  aero-order  analysis,  that  the 
circuit  liiductance  and  resistance  were  described  by 
assigning  a  constant  inductance  and  resistance  per 
unit  switch  gap  langth  (*  and  0)i 

"  "  ^electrode  +  *d*  R  “  *'d 

whare  d  -  switch  gap  spacing.  From  the  measured 
frequency  and  gain  ratio  data,  these  assumptions 
imply  a  ■  13.4  2  1.5  nX/ca  (an  effective  arc- 
channel  diameter  of  3.7  am  (-2, +4  sm))  and  0  «  35 
2  14  *Vcm. 

Tha  applicability  of  this  zero-order  model  was 
explored  by  its  extrapolation  to  hlghar  voltage 
(l.e.,  larger  switch  gap  spacing)  condition*  in  the 
transfer  circuit  using  the  values  of  o  and  1  deter¬ 
mined  from  the  low-voltage  tests.  Figure  5  exhibits 
such  an  extrapolation  for  tha  5-cm-dia»eter  switch 
at  35  cm  spacing.  Similar  gtneral  agreement  was 
obtained  for  a  large  number  of  high  voltage  tests, 
within  tha  trends  that  a  35  mu/cm  arc  resistance 
adequately  described  the  measured  gain  and  a  some¬ 
what  lower  arc  inductance  (11  to  13.4  nH/cst)  was 
nacessary  to  match  tha  measured  fxaquancias. 
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Figure  5  Comparison  of  high  voltage  {*-6  MV)  data  with 
model-5  cm  diameter  electrode. 


Discussion  and  Conclusions 


Zc  is  me  surprising  that  a  constant  induct- 
anca  par  unit  gap  langth  model  appaara  to  fie  tha 
data*  Tha  vaiuaa  deduced  for  inductanca  appaar 
conalatant  with  observed  damage  pattama  (pita)  on 
tha  electrodes  and  previous  channel  expansion 
velocity  estimates. ’  Thfc  observed  trand  coward 
alight  reduction  in  inductanca  par  unit  langth  at 
larger  gap  apacinga  may  ba  due  to  tha  development 
of  arc-channel  brar.chaa  near  the  anode  aide  of  tha 
switch* 

Tha  aoaawhat  surprising  applicability  of  a 
constant  resistance  par  unit  gsp  langth  so  dal  haa 
significant  implications  in  extrapolation  to  even 
hlghar-voltaga  water  capacitor  transfer  circuits. 

Zn  tha  context  of  tha  taro -order  modal,  this  re¬ 
sistance  represents  a  time-averaged,  'affective, “ 
resistance  Insofar  as  it  affects  circuit  gsin  dur¬ 
ing  tha  first  hslf-pariod.  This  resistance  appears 
to  be  distinct  froa  tha  classic  early-clma  resist¬ 
ive  phase  *  (tr  is  in  the  few  tens  of  nanoaeoonda 
range  and  «  for  ail  configurations  tasted)  and 
represents  a  longer  timescale  'plateau*  resistance 
phase.  Resolution  of  tha  time  dependence  of  this 
plateau  phase  la  beyond  tha  scope  of  this 
discussion!  however,  the  observed  voltage  waveform 
fit  to  n~eoa"t)  does  hint  that  any  elms  dependence 
is  probably  wear  for  eha  first  half-period. 

The  nose  important  implication  of  the  results 
is  tha  increased  energy  loss  (Z*R)  in  long  water 
spark  channels  due  to  the  plateau  resistance. 
Measured  losses  ranged  from  3V  so  26%  for  tha 
extrema  In  switch  apacinga  compared  with  4%  So  14% 
expected  from  J.  C.  Martin's’  relations  for  tha 
msxisua  energy  loss  condition  tj,  <<  tri 
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in  units  of  ns,  ohms,  MV/ca. 
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tor  cases  where  tl  »  tr  (more  characteristic  of 
the  present  testa),  even  lower  switch  losses  are 
estimated  from  the  semi-eappirlcel  formulae. 


Zn  conclusion,  we  have  analysed  the  behavior 
of  a  single-site,  high-voltage,  high-power,  water 
transfer  switch  in  a  specific  transfer  circuit  in 
tense  of  a  zaro -order  so  del  with  constant  induct¬ 
ance  ami  'plateau*  resistance  per  unit  gap  length 
and  fouudi  (1)  Inductance  values  consistent  with 
arc-channel  diameters  of  a  few  millimeters i 

(2)  average  resistance  values  of  3S  t  14  aJ/cai  and 

(3)  switch  energy  Xoseee  in  excess  of  previously 
established  estimates,  further  experiments  at 
higher  voltage  and  with  larger  gape  would  ba  desir¬ 
able  in  establishing  the  relevance  of  this  model  to 
s  wider  parameter  range. 
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Abstract 

Subsequent  to  the  introduction  of  single-tap,  hol¬ 
low-anode  tubes  in  1978,  a  new  range  of  sulcigap 
hollau-anodc  cubes  ic  being  introduced.  There  are 
sany  applications  where  high  races  of  rise  of  in¬ 
verse  voltage  cause  premature  failure  of  conven¬ 
tional  sulcigap  chyracrcns  due  to  arc-back.  One 
solution  has  been  to  use  double-cathode  tubes, 
which  are  capable  of  reverse  conduction  without  de¬ 
terioration  of  performance.  The  hollow-anode  tubes 
offer  the  sisilar  advantage  of  tolerating  reverse 
conduction  without  requiring  extra  high-voltage-iso¬ 
lated  supplies.  The  operation  of  these  tubes  in 
low-inductance  circuits  is  eospared  with  conven¬ 
tional  solid-anode  cubes. 
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Tha  high  frequency  characteristics  o f  a  triple  grid 
chryracron  are  Investigated.  Tha  pentode  chyracron 
haa  chraa  closely  apacad  grlda  and  oparacaa  such 
like  a  conventional  carroda  chyracron.  Tha  first 
grid  haa  a  dual  function.  It  fuecclooa  aa  a  prim¬ 
ing  grid,  prelonlrlng  tha  grid  cathoda  apaca,  aa 
vail  aa  a  shiald  grid,  itolacing  tha  control  grid 
iron  tha  cithoda  plasma  during  tha  recovery  phaaa. 
Tha  second  grid  la  tha  control  grid,  with  negative 
control  charactarlacles.  Tha  third  grid  la  a  ahlald 
grid,  daaignad  to  anhanca  tha  control  grid  apartura 
deionisation.  This  chyracron  la  taacad  in  a  line- 
type  pulaor  to  determine  lea  high  frequency  llalca- 
tlona.  It  proven  capable  of  operating  at  pula a 
repetition  frequencies  of  up  to  180  kHz. 

Introduction 

It  has  becose  clear  chat  advances  in  switching 
technology  art  vital  to  the  growth  and  development 
of  pulsed  power  technology.  A  need  exists  for 
fast  rise-cine,  high  repetition  race  switches  that 
will  switch  high  voltages  and  currents.  Osa  prom¬ 
ising  type  of  switch  is  the  hydrogen  chyracron.  A 
new  type  of  chyracron,  the  triple-grid  chyracron, 
has  recently  been  developed.  This  switch  is  raced 
by  its  aanufaccurer  to  operate  at  repetition  races 
of  up  to  100  kHr.  This  paper  describes  a  test  and 
evaluation  of  the  triple-grid  chyracron's  high 
frequency  operational  characteristics,  with  the 
goal  of  gaining  insight  into  the  direction  of  fu\ure 
chyracron  developaenc. 


The  Eaatoda  Thyratron 

Tha  triple  grid,  or  pentode,  chyracron  la  shown 
schematically  la  Figure  1,  Its  operation  la  like 
thee  of  a  tatroda  chyracron.  The  firac  grid  ia 
tha  priJMr,  or  auxiliary,  electrode.  The  second 
grid  1a  the  control  grid,  with  negative  control 
charactarlacica.  The  third  grid  la  e  shield  grid. 
This  grid,  elong  with  Crid  II,  coop lately  ahlelda 
the  control  grid  from  the  rest  of  the  cube. 

This  shielding  has  two  positive  effects  on  recovery. 
Since  the  grids  are  closely  spaced,  the  volume  of 
the  grid  apartura  regions  ia  small.  Thus  this  space 
haa  a  small  characteristic  dimension,  A,  resulting 
la  very  fast  deionisation.  Therefore,  the  shield¬ 
ing  reduces  the  racovary  time. 
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The  second  effect  i*  due  primarily  to  the  shield¬ 
ing  of  che  concrol  grid  by  che  auxiliary  grid. 

Since  che  control  grid  is  effectively  isolated  from 
the  slowly  decaying  cathode  plasma,  che  density  of 
this  plasma  will  not  appreciably  affect  che  concrol 
grid  current  during  recovery.  Thus  a  higher- 
impedance  bias  supply  say  be  used  to  achieve 
recovery  with  a  pentode  chyracron  than  is  neces¬ 
sary  with  a  single  grid  chyracron. 

The  English  Electric  Valve  Company  is  now  produc¬ 
ing  a  triple-grid  chyracron,  designated  Type  CX 
1535.  This  chyracron  is  designed  co  switch  high- 
power  pulses  ac  high  repetition  rates.  It  features 
sasslve  grids  with  large  external  cooling  fins, 
and  is  designed  co  be  operated  totally  imaMread 
in  coolant.  Thus  any  heat  generated  in  che  cube 
should  be  quickly  removed.  The  published  sexist ut 
ratings  for  che  CX1335  are  given  in  Table  1.  That 
the  rating*  ere  noneiaultantous  Is  resdily  apparent 
upon  clone  examination.  Although  tha  cube  ic  raced 
to  ewltch  12.5  XV,  thie  say  only  he  achieved  at 
pulse  repetition  frequencies  up  co  20  kHx  without 
exceeding  che  anode  heating  factor.  At  the  raced 
frequency  of  100  kHz,  the  maximum  output  ia  limited 
to  2.5  MV.  The  relationship  between  peak  output 
power  and  repetition  frequency  la  ahovn  la  Figure  2. 


Anode  Voltage  25,000 

Peak  Anode  Current  1,000 

Sate  of  Anode  Current  5,000 

Rite 

o 

Anode  Keating  Factor  500  x  10 
Peak  Output  Power  12.5 

Pulac  Repetition  Fre-  100 

quency 

Envelope  Tesperacura  150 

Average  Anode  Current  1.25 


V 

A 

AIM* 

V.A.p.p.s. 

MV 

EH: 

*C 

A 


Table  1.  Maximus  ratings  of  che  CX1535  thyracron. 


Figure  2.  Rated  Anode  Heating  Limitations 


The  reliable  operation  of  this  chyracron  within  ice 
published  racings  has  been  established  [1].  How¬ 
ever,  the  true  Halts  of  its  capabilities  have  not 
previously  been  explored.  Therefore,  this  rest  wee 
designed  co  provide  an  evaluation  of  the  triple- 
grid  chyracron' a  capabilities  bsyond  its  published 
limitations. 

Test  Design 

The  triple-grid  thyracron  vaa  tested  in  s  standard 
line-type  pulsar.  The  pulse-forsing  line  (PFL) 
was  designed  co  deliver  a  100  nanosecond  pulse  to 
the  17.5  oha  load.  A  0.2  alcrohenry  inductor  vaa 
used  co  linlt  che  current  rlse-tiae  co  30  nano¬ 
seconds.  The  shield  (03)  grid  was  grounded  to  the 
cathode.  The  auxiliary  (01)  grid  was  biased  with 
a  100  ailliaapere  current  source.  The  concrol  grid 


was  biased  co  e  negative  200  volts.  Regulactd 
6.3  volt  direct  current  supplies  were  used  co  power 
che  cathode  end  reservoir  hearers.  Probes  were 
included,  co  aonitor  ell  electrode  voltages  end 
currents.  The  anode  temperature  vaa  monitored  with 
thermocouple  temperature  probes.  The  assembly  was 
immersed  in  oil,  and  was  provided  with  che  capa¬ 
bility  of  force-cooling  the  anode.  Inductive 
charging  of  che  PFL  was  employed,  with  a  charging 
rectifier  being  used  in  some  portions  of  the  teat. 

The  teat  proceeded  in  three  phases.  Initially  a 
sec  of  low  frequency  characterization  testa  ware 
performed.  This  involved  measuring  ell  of  che 
electrode  voltages  and  currents  while  operating 
che  pulsar  at  e  low  repetition  frequency  (3  kHz). 

The  second  phase  was  a  thermal  limitations  test. 
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Tha  anod*  caaparacura  ri*a  vaa  aaaaurad  while  Ch« 
pulsar  vaa  operated  with  different  combination* 
of  Anoda  voltage  and  rapaddon  frequencies.  This 
caac  vaa  sapaaCad  vich  different  gaa  prasauraa 
(controlled  by  cha  reservoir  volcaga)  In  cha  chyra- 
tron. 

Finally,  cha  High-fraquaacy  racovary  Halted 
characcariacica  vac*  Investigated.  Ac  different 
repetition  fraquaociaa,  cha  pulsar  vaa  oparacad  in 
either  resonanc  or  202  slovar  chan  raaonaa'C  chart- 
ins  sodas.  Tha  anoda  volcsg*  vaa  lacraaaad  a lowly 
uncll  cha  chyracron  failed  co  racovar. 

Stasulcs 

>ha  grid  waveform  aaaauraaanca  provided  soma  useful 
information  above  cha  dalonixadon  and  racovary 
of  cha  chyracron.  Tha  coocrol  grid  dalonixadon 
curranc  had  a  daeay  da*  conacanc  of  0.7ps.,  in" 
dlcadng  chac  cha  concrol  grid  ration  dalonlaa 
vary  rapidly  and  chac  cha  Cuba  will  racovar  vlehln 
a  fev  alcroiaconds.  Tha  cachoda  ipaca,  hovavar, 
takes  ouch  longar  co  dalonlaa,  aa  avldancad  by  cha 
auxiliary  grid  volcaga.  Safora  anoda  conducdon 
eh*  auxiliary  gdd  volcaga  vaa  IS  V.  vich  100  *A 
of  curranc  flowing.  Ac  cha  lnlclar.ion  of  anoda 
conducdon.  cha  volcaga  dropped  co  2  V.  and  ra- 
salnad  ac  chac  laval  uncll  cha  cachoda  apaca  da- 
ionised.  The  cachoda-ipac*  dalonixadon  dsa 
ranted  froa  30  pa  for  200  A.  of  anoda  curranc  co 
70 pa  for  a  1000  A.  anod*  curranc  pula*.  These 
reaulcs  do  show  chac  eh*  concrol  grid  la  affeceivaly 
shielded  iron  eh*  cachoda  plaaaa  and  chac  cha 
Hleldlng  does  aid  racovary  of  eh*  chyracron. 

The  high  frequency  racovary  characcedsdea  of  che 
pancod*  chyracron  arn  ploccad  in  Figure  3,  which 
laarl)  ahova  chac  cha  chyracron  will  oparaca  ac 
frequencies  up  co  160  kHz.  Use  of  202  slower 
chan  resonanc  charging  increased  :h*  saxlaua  volt¬ 
age  by  131  ac  100  kHz;  hovavar,  the  isprovasanc 
over  resonanc  charging  vaa  Insignificant  ac  fre¬ 
quencies  above  140  kHz.  A  charsal  penalty  was 
associated  with  che  use  of  slower  chan  resonanc 
charging.  The  ar.ode  dissipation  was  Increased  by 


Frequency  (KHz) 

Flgura  3.'  High-Frequency  Maxim*  Anod*  Volcaga 

102  when  alowar  chan  resonanc  charging  vaa  aaployad. 
This  lacraaa*  la  attributed  co  Inverse  anod*  dissipa¬ 
tion  due  co  cha  Invars*  anoda  volcaga  laaadlataly 
following  conduction. 

Figure  A  show*  son*  coascanc-caxparacur*  curve* 
aa  functions  of  paak  puls*  power  and  rapadclon 
frequency.  Tha  aadaua  permissible  temperature 
rise  la  100*C  baaad  on  cha  aaximia  rzcad  envelop* 
caaparacura  of  150*C  and  anbianc  canparacuras 
ranging  co  50*0.  The  affacdv*  anoda  haadng 
factor  based  on  a  100*C  canparacur*  rise  nay  be 
found  fro*  Flgura  A  co  ba  183  x  1C?  VAFFS.  Ic  1* 
noc  surprising  chac  thl*  Is  such  smaller  chan  cha 
raced  anod*  haadng  faccor,  since  cha  ris*  do*  of 
cha  svlcchad  curranc  Is  40  ns  -  a  faccor  of  flv* 
lass  chan  Cha  200  n*  sinlaua  ds*  tin*  calculated 
froa  cha  raced  paak  anoda  curranc  (1000  A)  and  cha 
saxlaua  race  of  ris*  of  anode  curranc  (3000  A/ps). 
With  such  a  shore  dseda*  cha  saxlaua  anod*  haac- 
ing  faccor  should  ba  dacacad  by  a  factor  of  3  co 
•  100  x  109  VAFFS  (2) .  Therefore  tha  charsal  lialca- 
ciona  ara  vail  beyond  chos*  expected  froa  cha 
sanufaccurar’s  racings. 

Two  techniques  vara  used  co  further  increase  che 
chars*!  limitations.  Force-cooling  che  anode  with 
an  oil  screaa  having  a  velocity  of  1.3  a/s  reduced 
che  ctsperacure  rise  by  aore  chan  252.  Increasing 


the  reservoir  volcsge  from  6.3  V.  to  10.0  V.  de¬ 
creased  anode  dissipation  by  102.  This  dacraaaa 
wes  due  to  the  (altar  switching  tiaaa  achieved  vith 
tha  Incranad  tuba  praaaura. 

Conclusion 

A  composite  curva  showing  the  chyracron's  lisdta- 
lom  In  the  test  circuit  is  shown  In  Figure  6.  At 
frequencies  above  80  KMi,  the  thyratron  la  re¬ 
covery  Halted  and  capable  of  operating  at  fre¬ 
quencies  up  to  180  KHi  -  well  above  the  Manufac¬ 
turer's  specification.  At  lower  frequencies  the 
thyratron  la  theiaally  limited,  but  capable  of 
operating  beyond  its  ratings  for  the  switching 
conditions  experienced  during  the  test.  These 
capabilities  aay  be  extended  by  such  techniques 
as  laproved  cooling  processes  and  varying  the  gas 
pressure  ulthln  the  tube. 

Although  the  trlplcgrid  thyratron  is  a  significant 
advance  of  the  state  of  the  art,  auch  development 
has  yet  to  be  done.  This  development  aay  require 
aore  research  into  the  fundamentals  of  gas  dis¬ 
charges.  Coaplete  understanding  of  the  processes 
will  lead  to  new  designs  and  techniques  to  further 
advance  high  speed  switching. 
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Abstract 

Frevieus  investigators  hav«  demonstrated  the  fttii- 
billcy  of  using  on  ionising  electron  baa*  to  con¬ 
trol  cha  conductivity  o£  a  gaseous,  volume-dia- 
charga  switch.  '-‘a  hav*  considered  tha  possibility 
of  using  such  avlechaa  repetitively  at  high  power 
lava  la  (up  to  ,  with  sw Itch  op  an  lag  Md 

cloalng  claaa  as  short  as  savarsi  nanosecond*.  An 
analysis  of  tha  ralavaac  gas  chemistry  has  Indi¬ 
cated  that  thaaa  requirement*  can  bast  ba  mac  by 
using  a  noo-eleccronagacive  bass  gas  diluted  with 
a  snail  percentage  of  an  electronegative  gas.  De¬ 
tailed  chemistry  similar  loss,  using  tha  noa-elactro- 
negatlva  gas  X,  and  tha  electsooagatlve  gas  Oj, 
have  bam  performed  and  vill  be  presented  to  support 
this  analysis.  Also  discussed  will  be  cha  limita¬ 
tions  lnposad  by  switch  heating  and  gas  breakdown. 


Introduction 

tv  3 

Hunter  ,  0  Loughlln",  and  Kovalchuk  and  Meeyacs 

have  described  and  demonstrated  a  switch  concept 
which  appears  to  be  well  suited  to  fast,  high- 
power,  repetitive  switching.  This  conctpc  consists 
(see  FI;.  1)  of  a  psir  of  planar  electrode*  sepa¬ 
rated  by  a  high  pressure  gas.  The  switch  Is  aide 
to  conduct  by  passing  an  lonlxlng  electron  beam 
through  the  gas,  such  that  a  volume  discharge  can 
be  maintained  between  the  switch  electrodes.  Such 
voluse  discharge*  have  cha  property  thee  once  the 
electron  beaa  is  removed,  the  discharge  rapidly  ex¬ 
tinguishes  and  the  gas  can  again  hold  off  cha  high 
voltage. 

The  use  of  high  gas  pressure  allows  for  snail  elec¬ 
trode  separation,  thereby  ainlaising  switch  induc¬ 


tance.  As  a  result,  switch  opening  and  doting  are 
determined  primarily  by  the  electron  bea*  and  gaa 
chemistry  characteristics.  The  uee  of  large  elec¬ 
trode  surfaces,  on  the  ^ther  hand,  allows  large 
switch  currents  to  be  conducted  before  switch  heat¬ 
ing  destroys  proper  svicch  behavior.  Tha  praeenc 
paper  seeks  to  assess  the  overall  capabilities  of 
these  electron-beam  controlled  switches. 


Gas  Chemistry 

The  svicch  resistance  is  controlled  by  tha  electron 
density  n(  of  the  gas  medium.  For  a  volume  discharge 
whose  dominant  Ionisation  source  le  an  electron  beam 
of  current  density  n^  varies  according  to 

dc  %  Jb  — ■ -  -  n  n^  -  3  n#*  -  Y  (l) 

where  is  the  cross-section  for  lonizaclon  by  the 
electron  beaa,  X  is  tha  gas  density,  a  is  the 
attachment  race,  £  is  cht  two-body  recombination 
coefficient,  and  y  is  tha  chree-body  rtcoabivacion 
coafficianc.  Eq.  (1)  oust  be  supplemented  by  .he 
circuit  equation  and  by  the  switch  current  density 
equation 

Js  c  *  ne  vd(E/H)  (2> 

where  is  the  electron  drife  velocity  due  to  the 
electric  field  E  appearing  across  the  switch. 


Equ.  (1)  and  (2)  dictate  chac  the  ainiaua  switch 
closing  cine  is  given  by 


where  the  bar  denoces  the  sceady-scace  value  In  Che 
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closed  (conducting)  circuit  scat*.  Eq*.  (1)  and 
(2)  similarly  determine  the  minimus  svltch  opening 
time,  which  la  defined  u  che  cIjm  for  n  to  decay 
Jro«  n  to  0.1  n#.  For  a  awitch  dominated  by 
•lactron  attachment,  the  ■Inlmum  opening  time  la 


,  2.3  t 


(4a) 


for  a  twitch  dominated  by  evo-body  recoabination, 
it  la 


10 


(“ia). 


(4b) 


and  for  a  awitch  dominated  by  three-body  recombin¬ 
ation,  it  ia 


*  50 


t  (“in) 
c 


(*c) 


Theee  latter  three  aquatlona  demonstrate  that 
attachment-dominated  twitches  minimise  the  twitch 
opening  time,  without  aerioualy  compromising  the 
awitch  doting  time.  (A  second  advantage  la  flex¬ 
ibility,  in  chat  the  attachment  race  a  can  be 
readily  varied  by  using  a  non-attaching  base  gas 
diluted  with  controlled  percentages  of  an  attaching 
gas.) 


To  insure  that  the  gas  ia  everywhere  loeixed,  the 
beam  electrons  muat  have  sufficient  energy  to  tra¬ 
verse  the  entire  discharge.  Simple  analysis  shows 
that  this  energy  constraint  leads  to 


' J**'  >  Q 


eE  v. 
o  d 


(5) 


where  the  switch  efficiency  Q  is  the  ratio  of  the 

power  dissipated  in  the  load  to  that  consumed  by 

Che  electron  beam  generator,  where  is  the  average 

energy  required  per  bean  ionization  in  the  gas,  and 

where  E  is  the  open-circuit  field  acrcngch  origl- 
o 

nelly  appearing  across  the  switch.  This  equation 
demonstrates  chat  a  trade-off  exists  between  high 

efficiency  Q,  and  short  opening  and  closing  times 
T  (“in) 
c 


Switching  characteristics  of  10  ata  of  N^  with  snail 
adaixtures  of  0.  have  been  calculated  using  a  de- 

2  4 

called  air  chemistry  code.  These  simple  calcula¬ 
tions  were  designed  to  assess  the  performance  of  a 


switch  soon  to  be  constructed  and  tested  at  the 

Naval  Research  Laboratory.  The  switch  nominally 

imposes  200  kV  across  a  20  a  load.  The  switch  elee- 
•> 

erodes  are  1000  cm"  in  area  and  are  separated  by 
2  cm.  Nominal  switch  efficiency  li  Q  \  10.  The 
calculations  assume  chat  the  electron  beam  current 
rises  instantaneously  to  full  value  (1  kA)  at  time 
zero,  and  instantaneously  decays  to  zero  at  100  nsec. 
The  predicted  behavior,  shown  in  Fig.  2,  demonstrates 
that  the  0,  concentration  significantly  affects  the 
switch  opening  time,  without  significantly  affecting 
the  switch  closing  time. 

Multlpulse  Operation  and  Other  Considerations 
Volumetric  switches  minimize  the  volumetric  heating 
rate  such  that  the  gas  temperature  and  physical  state 
of  the  gas  are  largely  unaltered  by  a  short,  single 
switching  pulse.  This  factor  accounts  for  the  rapid 
recovery  and  short  opening  times  of  volume  discharges, 
as  compared  with  the  behavior  of  filamentary  arc 
discharges,^ 

Conversely,  volumetric  switches  cannot  be  cooled 
rcpldly,  and  hence  gas  heating  may  eventually  pose 
problems  for  switches  that  are  repetitively  pulsed. 
These  problems  cake  chrae  forms. 

The  first  rtlscts  to  cumulative  changes  in  the  chem¬ 
ical  and  electrical  properties  of  the  ges.  Studies 
of  discharges  in  N.,  suggest  chat  such  alterations 
are  unimportant  until  sufficient  energy  has  been 
deposited  to  raise  the  gas  temperature  to  above 
2000°  K.5 

The  second  problem  is  a  structural  one  related  to 
exceseive  pressures  generated  by  the  heated  gas. 

This  problem  is  severely  compounded  by  the  use  of  a 
Chin  foil  window  (see  Fig.  1)  required  to  pass  the 
electron  besm  into  the  discharge  volume. 

The  third  problem  concerns  reductions  in  che  gas 
density  N  produced  by  che  elevated  gas  pressure. 

The  main  problem  here  stems  from  che  constraints 
imposed  on  the  ratio  Eo/N,  where  Eq  is  the  open- 
circuit  field  strength.  To  justify  ignoring  cascade 


Ionization  of  th«  gas  by  ch«  ju  conduction  elec¬ 
trons,  Co/.H  *u*t  typically  satisfy6 

t  /U  <  10"16  volti  -  ea2.  (6) 

0 

At  th«  sut  time,  Eq.  (5)  demonstrates  that  'C^ 

auat  b«  maximized  to  obtain  hl|h  efficiency  Q  and 

ahott  closing  tlaaa  Hence,  reductions  la 

H,  dua  to  alavatad  ;u  pressures ,  raduca  tha 

allowed  {laid  strength  E  ,  zharaby  dagrading  Q  and/ 

or  t  • 
c 

Tha  preceding  diacuaalona  auggaat  that  a  conserva- 
tlvaly  operated  avlcch  in  cna  for  which  tha  total 
anargy  dapoaltad  within  tha  awitch  from  a  glvan 
pulaa  train  la  laaa  than,  aay,  tha  total  kinetic 
anargy  originally  containad  in  tha  gaa.  Thia  pre- 
acriptlon  Inauraa  that  altarationa  la  tha  gaa  temp- 
aratura,  praaaura,  and  danalty  will  ba  laaa  than  a 
factor  of  2. 

Tha  total  anargy  dapoaltad  in  tha  awitch,  fro*  tha 
alactron  beam  and  front  Joula  dlaalpatlon,  can  ba 
ralatad  to  tha  total  anargy  absorbed  by  tha  load 
via  a  nat  af ficiancy  factor  Q' ,  whara  Q*  S  Q.  For 
a  pulaa  train  conalatlng  of  si  pulaaa,  aach  of  con¬ 
duction  time  Tp.  w«  chua  require  that 

(a  7  J,  E  )  /  Q'  <  |  Nk  T  (7) 

p  S  O  t  0 

where  k  la  Boitzaann'a  conatanc  and  T  la  tha 

o 

Initial  gaa  tcsparatura.  Tha  braakdown  con- 
atralnt  (6)  thua  auggaata  that,  for  Tg  ■  300°  K,  gas 
halting  effects  can  gtnarally  ba  lgnorad  provided 

nr  j"  <  10‘5  Q'  A  -  aac/ca2  (8) 

P  * 


Saveral  ocher  lialcacions  apply  co  alactron  baaa 
controlled  switcher.  An  laporcanc  ona  ia  tha  in¬ 
herent  switch  inductance,  which  ia  alniaally  glvan 
In  nH  by  tha  electrode  separation  distance  in  cm. 
Using  constraint  (6),  this  inductance  can  ba  shown 
to  Halt  tha  switch  opening  and  closing  dues  to 

7  (sec)  >  107  *S 

X(ca  J)  W 

where  Ts  is  the  desired  switch  current.  This  result 
reiterates  chat  optima  performance  la  attained  by 
saxiaizlng  the  gas  density  M.  It  is  interesting  to 


note  chat  constraint  (9),  coupled  co  Eq.  (3),  Units 
tha  maximum  practical  electron  baaa  currant  co  a 
value  typleaUy  glvan  by 

<  104  A;  (10) 

i.a..  raising  1^  above  this  inductive  Halt  only 
degrades  switch  performance  by  reducing  efficiency 
Q  without  reducing  opening  or  closing  Claes  7. 

Tha  preceding  sections  have  outlined  the  general 
features  of  electron  baaa  controlled  switches. 

These  devices  aay  ba  viewed  as  currant  aapllflara 
In  which  a  snail  baaa  currant  regulates  a  large 
discharge  currant.  They  aay  ba  operated  either  in 
a  fast,  high-power  node  or  In  a  slow,  high-energy 
transfer  node.  Tn  tha  former  case,  the  present 
analysis  indicates  chat,  ac  10  ata  gas  pressure, 
currant  switching  rates  can  approach  1013  A/sac; 
theta  races  correspond  co  switch  closing  Claes  of 
>  savaral  nsec  and  switch  opening  cIsms  of  cans  of 
nsec,  for  switch  efficiencies  Q,  Q'  %  10.  Total 
anargy  transfer  would  ba  roughly  limited,  however, 
to  10  Joules  par  cubic  canclaar  of  discharge  voluaa. 
Higher  energy  transfer  can  ba  obtained  by  dagrading 
switch  response  tiaa,  or  by  raising  tha  gas 
pressure. 
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Fig,  1.  Croaa-aactional  achanacic  of  an  electron 
baa*  controlled  awlcch. 


Fig.  2.  Typical  characcarlaclca  of  an  electron 
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Aba trace 

An  orientation  independent  ignition  (Oil)  haa  baan 
oparatad  at  30  kV,  IS  kA  with  10  psac  wlda  pulaaa 
at  frequencies  up  to  100  Hx.  Tha  cathoda  of  tha 
Oil  is  a  th<n  mercury  fila  which  la  hald  in  placa 
by  aurfaca  '.melon  on  a  coolad  molybdenum  sub- 
atrata.  Thla  davica  haa  baan  ah  own  to  hava  a 
baalc  voltage  withstand  of  ovar  60  kV,  trigger 
charac t aria t lea  comparable  to  convantional  lgni- 
crona,  a  currant  rata  of  rlaa  in  excess  of  10  kA/ 
Ua  at  30  kV,  and  a  aaan  atabla  run  time  at  8  A 
avaraga  currant  of  22  a  in  tha  burat  aoda.  ref¬ 
ormation  of  tha  film  occura  during  and  following 
tha  pulaa  burat  with  a  recycle  time  on  tha  ordar 
of  10  min. 


Introduction 

Tha  orlantatlon  lndapandanc  lgnltroa  (Oil)  la  a 
naw  lgnltron-cypa  doaing  awltch  aultabla  for 
mobile  applicatlona.  It  diaplaya  tha  alactrical 
propartiaa  charactarlatlc  of  lgnltrona,  but  with 
tha  addad  advantaga  of  a  mechanically  atabla 
cathoda.  Thla  ia  accomplished  by  raplacing  tha 
convantional  liquid  mercury  pool  by  a  coolad  aolid 
cathoda  covarad  by  a  aarcury  fila.  Thla  daaign 
provldaa  batter  mechanical  and  theroal  control  of 
tha  mercury,  thereby  leading  to  reduced  recovery 
tlaaa  whan  operating  at  high  currant  lavela.  Tha 
film  la  held  in  place  by  aurfaca  tanalon  forces, 
making  tha  davica  orientation  wnd  vibration  insen- 
altivc.  Tha  mercury  volume  of  tha  film,  which  ia 
sufficient  for  a  charge  cranafer  of  several  hun¬ 
dred  coulombs,  is  introduced  into  the  vacuum  enve¬ 
lope  prior  to  sealing  off  the  Oil.  The  film  la 


continuously  replenished  by  evaporation  and  con¬ 
densation  procaaaas.  Tha  vacuum  envelope  and 
anode  operate  at  room  taa^arature  or  above,  while 
tha  cathoda  la  coolad  slightly  relative  to  them 
in  order  to  facilitate  mercury  reflux.  Tha  anode 
of  tha  Oil  is  cooled  by  natural  convactlon  to  tha 
external  environment  during  off-periods.  For  tha 
30  kV  device,  intaralactroda  apacinga  are  main¬ 
tained  ae  1  to  2  cm  to  avoid  Faachen  breakdown. 

Figure  1  shows  a  schematic  diagram  of  the  twitch. 
Tha  cathoda  la  constructed  using  molybdenum.  It 
ia  supported  by  a  thermally  insulating  section  of 
thln-wallad,  stainless  steal  tubing  attached  to 
tha  switch  body.  Cooling  is  provided  via  a  copper 
haac  pipe  screwed  into  tha  cathode  from  below. 

Tha  anode  and  sldawalla  of  tha  Oil  are  made  of 
stainless  atael.  A  boron  carbide  igniter,  which 
la  adjusted  by  meana  of  a  bellows  assembly,  makes 
contact  with  tha  cathode  aa  shown  in  Fig.  2.  Tha 
completed  Oil  la  shown  in  Fig.  3.  It  includes 
additional  diagnostic  and  vacuum  appandages  and  a 
high  voltage  bushing.  All  of  these,  plus  tha  main 
flange  and  moat  of  tha  igniter  assembly  are  inci¬ 
dental  to  the  intrinsic  device,  and  arc  lncludtd 
to  facilitate  the  acquisition  of  design  data. 

Low  Average  Power  Teat  Results 

Tha  prototype  Oil  was  first  tested  in  dc  and  single 
pulse  modes  at  Hughes  Research  Laboratories.  Hg 
fills  of  abouc  0.1  and  0.25  mi  used.  With  the 
larger  fill,  the  tube  was  high-potted  to  60  kV  and 
a  7.5  A  dc  current  could  be  conducted  for  over 
90  s  before  the  current  extinguished  due  to  Hg 


373 


evaporation  from  the  cathode.  In  the  single  pulse 
mod*,  tht  Anode  fall  time  waa  observed  :o  very 
with  the  enode  voltage,  changing  from  1  u*  ec  350  V 
to  0.15  Us  et  30  kV.  Ntvcvcr,  the  Hg  film  on  the 
eethode  waa  thick  enough  to  show  eigne  of  droplet 
formation. 

The  smeller  Kg  fill  wee  chosen  to  eliminete  any 
potential  probless  with  droplet  formation.  The 
associated  dc  conduction  time  was  limited  to  about 
(0  s  at  7.5  A.  During  a  60  s  dc  run,  the  mercury 
vapor  pressure  varied  from  0.6  to  6  mTorr  depend¬ 
ing  on  the  cathode  teaqteracure  as  expected  from 
vapor  pressure  data.  An  increase  in  the  jitter 
and  increasingly  erratic  anode  fall  behavior  are 
also  more  evident  with  the  lower  Kg  fill. 

High  Average  Tower  Test  Results 
The  Oil  was  tested  at  the  EXAOCQM  Xigh  Tower  Test 
facility  at  Ft.  Monmouth  starting  with  the  circuit 
shown  in  Fig.  1.  The  circuit  was  calibrated  using 
a  MATS  40  Thyratron.  A  comparison  of  the  pulse 
current  waveforms  for  these  two  devices  show 
little  difference  at  the  same  voltage  except  for 
the  larger  Jitter  of  the  Oil.  A  typical  current 
waveform  generated  at  30  kV  is  shown  in  Fig.  5. 
Figure  6  shows  a  typical  overlay  of  all  pulses 
occurring  during  a  20  second  run  of  the  Oil  at 
50  Hz.  The  variation  in  timing  is  found  to  average 
about  i  1  Us.  The  charging  Inductor  was  reduced 
to  1.5  H  to  achieve  a  120  Hz  effective  recharge 
race  and  the  device  ran  at  up  to  100  Hz  without 
noticeable  difficulty  in  voltage  recovery;  refer 
to  Fig.  7. 

The  cathode  was  cooled  using  ice  water  during 
these  runs  at  high  power.  The  energy  dissipated 
at  the  cathode  was  measured  thermally  to  be  about 
1  to  2  J/pulse  or  an  equivalent  voltage  drop  of 
5  to  10  V  at  the  cathode  The  anode  dissipation 
was  probably  somewhat  higher. 

The  anode  ceaperacure  excursions  were  typically 
30°C  for  a  run  of  1000  pulses.  A  high  anode 
temperature  did  not  affect  the  tube  behavior,  but 


a  high  cathode  temperature  (>  60°C)  led  to  Faschen 
breakdown.  The  introduction  of  impurity  gasses  had 
no  noticeable  affect  on  the  tube  behavior  below  the 
Faschen  limit. 

The  run  time  before  cube  instabilities  become  exces¬ 
sive  is  shown  in  Fig.  S.  The  total  charge  transfer 
is  proportional  to  the  product  of  the  frequency  and 
the  run  time.  Evidently,  Kg  vapor  reflux  makes  up 
a  significant  contribution  to  the  Hg  film  volume 
during  a  time  on  the  order  of  0.03  s  since  the 
charge  transfer  at  30  Hz  is  nearly  double  that  at 
*00  He. 

During  cne  couiao  of  these  experiments,  the  tube 
waa  physically  rotated  by  180°  with  no  detectable 
change  in  operation.  Also,  the  end  of  line  clipper 
was  removed  without  noticeable  cha..pe  in  the  cube 
reliability. 

Table  I  outlines  the  developmental  goals  and  the 
test  results  actually  achieved.  Obviously,  most 
of  the  goals  have  bean  reached  with  this  first 
prototype  model  of  an  orientation  independent  igni¬ 
tion,  thereby  making  an  ignlcron-cype  switch 
available  for  airborne  or  mobile  applications  for 
the  first  time. 
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rig.  1.  Schematic  diagran  of  Oil 
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Fig.  6.  Overlay  of  1000  current  pulaea. 


Fig.  8.  Stable  run  tioe  a*  a  function 
of  frequency  at  30  kV,  15  kA. 
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Abstract 

Threshold  twitching  from  the  high  to  low  resls- 
ttnet  ttttt  hit  beta  Investigated  la  the  pclycry- 
ttalliae  tad  tingle  crystal  NbO^  (where  x  z  2) 
aetal-oxi d«  devices.  Stable  and  reproducible 
switching  performance  Is  observed  la  a  configura¬ 
tion  U-XbO,-Il  where  11  electrodes  were  covered 
with  Au  films.  Iaproveaent  In  the  device  perform- 
anca  Is  actrlbucad  to  the  SI  diffusion  into  MbOx 
which  has  bean  confirmed  by  the  Auger  electron 
spectroscopy.  Typical  off  state  resistance  of 
these  devices  Is  -100  KO  and  threshold  switching 
voltage  in  the  range  from  100  to  2300  V.  The  de¬ 
lay  tire  it  exponentially  dependent  on  the  ap¬ 
plied  voltage  Vippl  and  at  larger  V  r  the  de¬ 
lay  tire  is  less  than  a  nanosecond.  Recovery 
tire  of  a  device  la  -0.3  nsec  as  determined  by  the 
rethod  of  decreasing  time  Interval  between  two 
successive  pulses.  Holding  voltage  is  -60  V.  The 
pulsed  suit*,  jd  devices  can  withstand  pulse  dura¬ 
tions  between  0.1-3  uwee,  repetition  rata  of  100 
C/s  and  current  intensities  of  10-13  A,  or  23  A 
peak  with  the  applied  pulse  duration  of  20  usee, 
single  shot. 

Introduction 

Reversible  threshold  switching  has  been  observed 
and  investigated  in  a  polycrystalline  and  single 

crystals  NbO,  devices  with  their  potential  appli- 

*  12  3  4 

cation  as  transient  suppressors  '  .  These  de¬ 

vices  have  shown  a  capability  of  shunting  trans¬ 
ient  current  pulses  of  higher  lntensicy.  tast  re¬ 
sponse  (<1  nsec),  high  resistance  in  the  off  stars 
and  low  capacitance  (<10  pF)  satisfy  the  require¬ 
ment  for  a  protection  of  RF  receiver  Inputs  and 
other  applications.  The  devices  nave  shewn,  how¬ 


ever,  variations  in  the  values  of  switching  param¬ 
eters  aftsr  several  switching  events  ar.d  sparking 
has  often  inhibited  ptoper  device  operation. 

Considerable  improvements  in  the  reproducibility 
in  values  of  characteristic  switching  parameters 
of  NbOj  achitved  in  this  work  by  deposition  of 
11  electrodes  on  NbO^.  As  a  result  we  have  ob¬ 
served  reproducible  switching  behavior  ac  applied 
pulses  as  high  as  10  A,  with  rapeclcion  race 
of  103  C/s  and  with  a  variation  in  switching  pt- 
ramecars  of  not  more  chan  10J.  Tht  improved  be¬ 
havior  of  chase  devices  is  attributed  to  the  dif¬ 
fusion  of  >1  into  NbOj  with  a  subsequent  stabili¬ 
zation  of  currant  filament  during  a  switching 
event.  Diffusion  of  31  into  polycrystallins  and 
single  crystals  of  NbO,  was  confirmed  by  the  Auger 
electron  spectroscopy  (AES)  analysis  and  by  ob¬ 
served  changes  in  transport  ar.d  dlalsctrlc  proper- 
tits. 

Sample  Freparaeion 

Thin  poly crystalline  niobuia  oxide  disks  wars  pre¬ 
pared  by  oxidation  of  frsshly  cleaned  surfaces  of 
NbO.  Single  cr/scsls  of  Bccallic  .TbO  were  fabri¬ 
cated  by  the  Czochralsky-Kyropoulos  technique  in  a 
triarc  furnace3.  Devices  ware  sads  froo  a  0.6  mm 
thick,  approximately  3  mo  diameter  NbO  single 
cr/scal,  orlanced  in  the  (100)  direction  with  a 
polycryscallina  I <2)0,  layer  10  to  13  ua  chick  on 
one  fact  of  the  wafer.  Single  crystals  of  !Ib0, 
wera  also  produced  in  a  triarc  fumacs  in  an  argon 
atmosphere  by  Dr.  Joseph  Millscein  of  the  Naval 
Research  Laboratory. 

They  were  subsequently  sliced  and  polished  to  a 
thickness  between  40  and  50  urn  which  shcjld  result 
in  a  threshold  switching  value  of  1000  to  1250  V 
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■liming  25  V  per  aicron  thickness®  for  cht 

switching  at  nanosecond  puli*  widths.  Th»  wafer* 

wit*  chemically  cleaned  and  than  51  altccrod**  of 

about  1C00  A  chick  were  d«poiic«d  In  a  vacuun 

batcar  chan  1C  "’  Torr.  Top  alaccrod*  areas  war* 

2  •> 

aichar  0.87  aa*  or  2  at*.  Lower  alaccrod*  cover¬ 
ed  so ic  of  the  wafer  area.  Thin  gold  fllaa, 
about  500  A  in  thickness  were  evaporated  over  the 
21  electrode*  for  better  electrical  concacca. 
lioic  of  the  data  preaented  in  chi*  paper  w*e  col¬ 
lected  with  the  device  Mounted  onto  a  bran  block 
and  a  Mechanical  mlcroprob*  positioned  under  a 
microscope  ao  the  tungsten  tip  of  the  nlcroprobe 
wire  juic  couching  ch*  Aw-li  contact.  This  wai 
checked  by  neaiuring  ch*  off-icac*  reiiicance 
with  a  Dana  3809  A  digital  multimeter.  Typical 
ofl-itac*  resistance  valuaa  were  iron  80  ce  250KA. 
Recently,  the  wafers  were  etched  with  W^F'ir  so¬ 
lution  at  100*C.  These  results  war*  renarkably 
different  and  will  be  discussed  later  in  this  re¬ 
port. 

Hasulti 

Threshold  switching  In  the  ll-XbO^-ll  devices  was 
firut  tested  using  a  Tektronix  curve  tracer.  The 
curve  tracer  scans  the  I-V  characteristic  with  a 
repetition  rat*  of  120  sweep*  per  second,  A  typ¬ 
ical  switch  Is  shown  In  Figure  1.  Fro*  this  fig- 
ure  one  esn  directly  determine  a  threshold  voltage 
Vth*  folding  voltage  Vh  and  holding  currant  X^. 

The  horizontal  axis  In  Flgura  1  Is  voltago  at  10 V 
per  division  and  tha  vertical  axis  la  current  at 
10  sllliaaperea  per  division.  (For  thle  device 
the  threshold  value  1*  70  V,  holding  voltage  is 
20  V  and  holding  current  is  20  nilliaaperea . )  It 
suit  be  nentioned  that  the  threshold  voltaga  it  a 
funcrion  of  the  rat*  of  voltage  applied  end  a  de¬ 
vice  with  a  curve  tracer  value  of  100  V  could  have 
a  fast  pulse  value  of  1000  V. 

The  following  characteristic  switching  parameters 
ware  investigated:  delay  tins  aa  a  function  of 
applltd  voltage;  recovery  time  r^;  current  puls* 
rise  time;  holding  voltage  and  holding  current 
Ijj  is  a  function  of  applied  voltage;  and  repro¬ 
ducibility  of  off-state  resistance  after  a  large 
nusber  of  switching  events. 


Daisy  Tine 

Delay  tiae  was  measured  using  a  Cebe;  859  ?  pulsar 
with  a  80  nanosecond  rise  tiae  with  the  voltage 
monitored  with  e  Tektronix  100  to  1  probe  and  the 
current  with  a  CT-X  currant  transformer.  The  in¬ 
formation  was  stored  on  a  Tektronix  7631  storage 
■cope.  Delay  tine,  aa  a  function  of  applied 
pula*  voltage  was  measured  by  increasing  the  pul¬ 
sar  output  and  scoring  the  single  shot  switching 
events  in  the  oscilloscope.  Typical  decrease  in 
T',  with  increasing  voltage  la  shown  in 
Fig.  3.  This  last  figure,  show* 
a  superposition  of  Increasing  puls*  voltages  and 
the  resulting  delayed  currants.  Quantitative  de¬ 
pendence  of  on  1*  ehown  in  Fig.  4  where 

log  £  la  plotted  vs  V  **  shown  varies 

exponentially  with  V  ^  and  the  relationship  can 
be  represented  as: 

Tj»r  .  *xp[K  — where  K  »  3.4  (1) 

*  fichr**hold  |_  thj 

Above  the  value  of  V  *  1.9,  ~ ^  become* 

leas  chan  1  nanosecond  which  is  the  limit  of  our 
present  measurements .  This  relationship  is  true 
for  both  single  crystal  and  polycryacallint  de- 
vices. 

Recovery  Time  and  Current  Kin*  Tim*  . 

Recovery  time  was  measured  by  using  th*  nethod 
of  two  successive  voltage  pulses.  Xecovery  tin* 
is  defined  aa  a  minimus  time  interval  between  two 
applied  pula**  vhtrt  cht  device  has  recovered  af¬ 
ter  th*  first  pulsa  and  switches  again  on  the  sec¬ 
ond  pulse.  Xecovery  time  determined  by  this  meth¬ 
od  is  about  0.5  usee  with  a  slight  dependence  on 
ch*  applied  voltage. 

Th*  current  rise  time  measurement  was  sad*  with 
ch*  dtvic*  mounted  in  a  D0DFAK  containing  a  50  (1 
acrlplina  with  the  device  in  series  with  the  upper 
lead.  Th*  NbO  wafer  is  attached  to  ch*  striplinc 
vie  e  thin  gold  wire  bell  bonded  onto  the  gold- 
blsauch  contacc.  A  SF1  model  25  transmission  line 
pulser  supplied  an  800  V  puls*  into  the  M0D?AK. 

Th*  current  via  a  CT-1  current  transformer  was 
viewed  on  the  7854  oscilloscope.  The  pulser  de¬ 
livers  s  pulse  with  s  half  nanosecond  rlsecise. 
With  the  device  exhibiting  a  300  V  threshold  the 


371 


current  cfseclme  vu  Un  chan  0.3  naaosocon da 
for  a  current  of  IS  A. 

Koldtnt  Valtue  and  Current 
Holding  voltage  an 3  Holding  Current  vara 

reed  cut  directly  iron  cha  switching  pulse  erica. 
It  vaa  found  chat  axhtblca  a  slow  dependence on 
V  j  In  cha  range  iron  Vp4|  co  2000  V.  Typically 
varied  iron  20  co  40  V  and  holding  curranc 
between  1  and  S  A  (for  cha  taaca  ranga  of  applied 
volcaga  pulses}. 

Off-Staca  Xaalataaca 

Figure  2  ah  ova  cha  voltage  waveform  (cop  traca) 
an i  curranc  (bottom  craca)  for  a  ting la  cryacal 
device  at  cha  baginaing  of  caac.  Ic  displayed  an 
Initial  threshold  volcaga  of  1400  V  and  an  off- 
staca  reaiscanee  prior  co  twitching  oi  227  VO. 

Tha  volcaga  aanaldvlcy  In  chla  photo  van  200  V 
par  anal.1,  division  and  cha  curranc  vaa  1  A  par 
null  division.  Fulaa  width  vaa  0.3  uaac.  Tha 
davlca  vaa  avlcchad  into  a  matchad  load.  A/tar 
cha  first  2  £  switching  avanca  cha  threshold  drop- 
pad  co  900  V  with  121  Vi)  oif-acaca  resistance.  Ic 
was  chan  pulsed  ac  10  Xx.  Altar  24  K  pulses  with 
cha  applied  pulse  voltage  varying  from  threshold 
co  2200  V  there  vaa  no  discernible  change  In  off- 
scaee  resistance.  Soma  sparking  vaa  observed  un¬ 
derneath  cha  cungscen  dp  ol  cr.e  microprobe  altar 
a  iev  thousand  pulsec.  Sparking  vaa  erratic  and 
sc  the  end  ol  10,000  pulsaa  che  oll-scate  resis¬ 
tance  had  dropped  below  100,000  0.  Tha  caac  vaa 
terslnaced  alter  40,000  pulsaa  ac  which  due  Fig. 

&  vaa  racordad.  Kara  cha  volcaga  la  SO  V  par 
snail  division  and  che  current  1  A  per  snail  divi¬ 
sion.  Tha  oll-scaca  resistance  vaa  37  VO.  dic¬ 
ing  che  tungsten  dp  uncovered  e  deep  eroded  pic 
caused  by  poor  concscc  between  tip  and  device. 

Transport  and  Dielectric  Froaertlee 
The  next  figure,  Fig.  5a,  shove  a  Schoccky  plot  at 
log  I/T*  vs  V^'/T.  Prior  co  switching  the  31- 
:.h0,-31  device  shows  a  Schoctky  harder  to  exist. 
After  switching  Fig.  3b  shove  che  barrier  Is  gone 
and  tha  log  I  vs  log  V  plot  shove  the  device 
whether  single  crystal  or  polycryscalllnt,  to  be 
space-charge  United.  The  next  figure.  Fig.  6a, 
shows  the  C-f  dependence  which  again  exhibited  the 


charactedadt  capadcanct  associated  with  A 
Schoccky  barrier  being  eliminated  by  switching, 
last  la  this  series  Is  Fig.  6b  which  shows  the  In¬ 
crease  In  che  de  component  contribution  co  ac  con- 
ducdvicy  upon  switching , 

Otscuieion 

Stability  and  reproducibility  of  cha  characteris¬ 
tic  switching  parameters  of  St-hbO,-!!  devices  aa 

compared,  to  Au  (or  Al)-SWO,-Au  (or  Al)  devices  ara 

* 

attrlbucad  to  the  11  diffusion  Into  polycrystaliir.e 
and  single  crystal  XbO,.  Tha  diffusion  of  Si  in 

a, 

XbO,  haa  been  confirmed  by  the  Auger  electron  apec- 
troscopy  measurements  and  shewn  in  Fig.  la.  31 
diffusion  300  X  deep  In  single  crystal  of  !<b0, 
was  measured.  Further  11  diffusion 

la  enhanced  by  the  application  of  voltage  pulses 
as  showr.  In  Fig.  3b.  Diffusion  of  11  under  tha  in¬ 
fluence  of  applied  field  la  rasponalble  for  tha  ob- 
served  lowering  of  Jt  „  resistance  after  the  re- 
peated  twitching  applications.  Comparison  of  de- 
vicaa  with  11  or  Au  electrodes  shows  cha  following 
dlffarancaa  in  tha  transport  and  dlalactrlc  proper¬ 
ties  caused  by  cha  11  diffusion:  change  fremSchoc- 
cky  barrier  co  space  charge  conduction  mechanism, 
dacraaaa  la  thermal  acclvacion  energy.  Increase  in 
dc  component  contribution  co  ac  conductivity  and 
change  In  C-f  and  C-V  dependences. 

Tha  relative  insensitivity  of  3  on  cha  electrode 

on 

eras  would  tend  co  Indicate  a  formation  of  a  stable 
high  curranc  density  path  along  cha  region  doped 
with  31. 

Saeed  on  tha  above  observation  one  can  assume  Lu¬ 
ca*  s*  switching  model  of  filling  the  recombination 
centers  and  subsequent  collapse  of  che  high  resis¬ 
tance  state.  The  critical  curranc  density  for 
switching  co  low  resistance  scsce  Is  given  In  that 
nodal  by: 

Jcr  "  2L«VTd  <2> 

where  Tj  is  the  else  required  to  fill  recosbinseion 
centers,  Is  the  density  of  recombination  centers 
and  L  la  to  be  of  the  thickness  of  IlbO.,,  l.a.  *10 
Ua,  one  obtains  for  J  the  value  of  7.7x10^  asp/ 

1  C*  L 

ca~,  vhil«  cht  scasurad  value  is  J  ^  «  1.9x10  asp/ 
a~  trhlch  represents  a  fair  agreeaenc. 


379 


Etched  Saaple 

The  etched  device  shows  another  improvement  over 
the  uaetched  staple.  figure  8  show*  the  I-V 

csken  from  the  Tektronix  curve  tracer.  (The 
voltage  if  now  20  V  per  division  and  current  still 
10  mllllamps  per  divialon.) 

Notice  the  disappearance  of  the  holding  current. 
The  switched  device  returns  to  the  origin  now. 

This  information  la  new  and  has  no;  been  analysed 
as  yet.  1  davits  consisting  of  a  single  crystal 
•aspic  etched,  ball-bonded  and  mounted  in  the  MQtH 
FAX  was  pulsed  IS  A  with  no  change  in  any  of  its 
characteristics  for  over  100  pulses.  At  26  A  the 
device  showed  A  slight  reduction  in  off-state  re¬ 
sistance.  On  the  second  or  third  shot  the  gold 
bond  lifted  off  the  samples.  However  there  was  no 
evidence  of  daaege  to  the  NbO,  wafer. 

In  conclusion,  Bi-MbOyH  etched  devices  have 
shown  a  satisfactory  perfarmemce  aa  suppressors 
of  high  transient  currents  needed  to  protect  U 
inputs. 

in  conclusion,  li-NbO^-ll  devices  have  shown  a 
satisfactory  performance  as  suppressors  of  the 
high  intensity  current  transients. 

Keferences 

1.  C.  X.  Cauls,  r.  UFlante,  S.  Levy  and  S.  Sch¬ 
neider,  "Fulse  Sharpening  with  Metal-Oxide 
Bulk  Switching  Devices,"  Froc.  of  the  Inc, 
Fulse  Fower  Conf.,  7BCH1147-of  Rep.  S,  FIC-6, 
Sov.  1976. 

2.  C.  X.  Cauls  and  F.  LaFlante,  "Metal  Oxide  Sub¬ 
nanosecond  Suppr isaors,"  25th  XI.  Comp.  Conf. 
(IXXX)  Washington,  DC,  pp.  390-394,  May  1975. 

3.  S.  K.  Shin,  ?.  dalpern  and  F.  Raceah,  "High 
Speed,  High-Current  Field  Switching  SbO^," 

J.  Appl.  Fhys . ,  Vol.  48,  pp.  3150-3153,  July 
1977. 

4.  C.  X.  Cauls,  ?.  LaFlante,  S.  Levy  end  S.  Sch¬ 
neider,  "Metal-Oxide  Devices  for  Rapid  Cur¬ 
rent  Switching,"  Inc.  Elec.  Device  Mtg.,  Wash¬ 
ington,  DC,  pp.  279-281,  Dec.  1976. 

5.  1.  Lucas,  "Switching  Mechanism  in  Amorphous 
Semiconductors,"  J.  Mon-Crystalline  Solids, 
Vol.  8,  p.  293,  1972. 


5.  L.  M.  Levinson,  K.  X.  Fhillpp,  C.  A.  Slack, 
"Froteeclve  Coaxial  Switching  Devices,"  CE  Re¬ 
search  and  Developnent  Center  Final  Report 
Contract  EC0M;  76-1331-F,  Oct.  1977,  p.  85. 


•Research  supported  by  the  Army  Research  Office 
**0n  leave  of  absence  from  the  Isreell  Ministry 
of  Defense 

•••Here  we  heve  assumed  to  be  e<;u*i  to  the  ob¬ 
served  delay  time 
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Fig.  2.  Initial  pulse  switching  and  switching 
characteristics  after  4xl04  pulses, 
s)  Initial  voltage  pulse,  b)  Initial 
currant  pulse,  c)  Voltage  and  current 
pulse  after  the  application  of  4xl04 
pulses  at  the  repetition  race  of  10  Hr. 
Time  scale  200  ns/Dlv. 


Switching  in  11-XbOy-Bi  davlcat  taken 

by  Tektronix  curve  tracer,  horizontal 
scale  10  V/Dlv.  vertical  scale  10  sA/ 
Div. 


Delay  cis*  u  *  fuz.  cion  ot  increasing 
applied  voltage.  accumulated  switching 
•vmcs  with  lscresatig  applied  voltage. 
Tla«  seal*  2  ue/Dlr. 
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5a.  Shove  a  Schoctky  plot  before 
switching 


5b.  tog  I  vs  tog  V  ploc  shows  the  elimina¬ 
tion  of  Schoctky  barrier  after  svitch- 


rig.  fa  A  b.  C-f,  C-f  ploc  before  and  after 
switching 


Tig.  7a.  Auger  electron  spectroscopy  analysis  of 
the  Au-1 1-Sb Oj“l 1- Au  single  crystal  shows, diffu¬ 
sion  of  SI  Into  Xb02  In  the  depth  of  300  A  before 
switching 

Fig.  7b.  Shows  diffusion  of  SI  Into  IlbO;  poly- 
crystalline  after  switching 

Fig.  7c.  Shows  an  Increased  diffusion  of  31  is 
NbOj  polycrys cal line  after  switching 
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Fig.  3.  I-V  plot  cakea  froa  Tektronix  curve 
tracer 
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Abstract 

A  flux  compression  generator  called  PULSAR  la 
being  developed  to  Mac  pover  requirements  for 
future  fution  reactors,  Key  components  of  the 
generator  are  superconducting  magnet,  generator 
coll  of  normal  conductor,,  and  an  armature,  either 
a  metallic  conductor  or  plasma.  Chemical  energy 
la  ueed  to  lncraaae  the  mutual  Inductance  between 
the  arature  and  netted  generator  coll  and  super¬ 
conducting  ugne>.  Flux  compression  occura  and 
electrical  energy  la  transferred  to  a  load  induct¬ 
ance.  Thia  paper  will  present  the  results  of  a 
study  chat  was  cor.uuccad  to  design  a  suitable 
superconducting  aagnet  for  the  PULSAR  device. 

Introduction 

A  pulaed  energy  generator,  PULSAR,1-5  la  being 
developed  to  Met  energy  requirement!  of  future 
fualon  research.  The  primary  coaponanta  of  the 
generator,  illustrated  in  Figure  1,  are  a  super¬ 
conducting  nagnet,  a  generator  coil  of  normal 


Fig.  1.  PULSAR  Generator 
conductor,  and  an  alualnua  armature.  The  super¬ 
conducting  nagnet  supplies  the  initial  flux  to  the 
bore  of  the  nested  generator  coil.  The  load,  con¬ 
nected  In  series  with  the  generator  coil,  is  not 

*Thls  work  was  supported  by  the  U.S.  Department  of 
Energy,  under  Contract  AT(29-l)-789. 


inductively  coupled  to  the  remainder  of  the  systea. 
The  arature  is  nested  inside  the  generator  coll 
bora  and  Is  Initially  loosely  coupled  to  the  gen¬ 
erator  coil.  Additional  components  are  required 
for  structural  supporl  of  the  generator  coll  and 
shielding  of  the  superconducting  Mgnet. 


Chemical  energy  Is  used  to  Impart  an  Initial  veloc¬ 
ity  to  the  armature  causing  the  armature  to  expand 
In  the  bore  of  the  generator.  Mutual  Inductance 
of  the  generator  coll  and  armature  incraases,  con¬ 
verting  kinetic  energy  of  the  armature  to  electri¬ 
cal  energy  In  the  load.  During  the  energy  pulse, 
currents  arc  generated  in  the  various  components 
resulting  in  forces  on  these  elements.  The  super¬ 
conducting  nagnet  unless  properly  designed  may 
quench  when  subjected  to  these  conditions.  The 
results  of  s  study  conducted  to  optimize  th*  mag¬ 
net  for  a  fixed  load  energy  output  from  a  PULSAR 
generator  operated  with  a  metallic  armature  are 
presented  In  this  paper. 


System  Analysis 

Figure  2  shove  a  simplified  circuit  diagram  for 
PULSAR.  Additional  circuits  are  required  to  model 
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Fig.  2.  Circuits  Used  to  Model  PULSAR 
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structural  and  shielding  components.  The  super¬ 
conducting  magnet  and  generator  coll  nay  be  aodeled 
as  a  single  circuit  since  each  Is  wound  to  control 
current  distribution.  All  other  components  are 
modeled  by  dividing  each  component  Into  radial  and 
axial  pieces  to  account  (or  radial  diffusion  and 
axial  drift  of  current.  Each  piece  has  self- 
inductance,  resistance,  and  mutual  Inductances  to 
all  ocher  circuits.  Since  the  armature  la  expand¬ 
ing,  Its  self-inductance,  resistance,  and  all  mu¬ 
tual  inductances  to  the  armatut*  are  functions  of 
armature  position.  The  forces  acting  on  the  arma¬ 
ture  are  calculated,  summed,  and  the  raaultlag 
motion  determined.  Initial  conditions  for  the  sys¬ 
tem  are  the  superconducting  magnet  current,  the 
eusa.  Initial  position  and  velocity  of  the  arma¬ 
ture,  and  the  eleccrlcal  properties  of  all  compo¬ 
nents. 

Two  computer  codes,  PULSRAD  and  CYLSEC,  have  been 
written  to  solve  the  equations  which  describe  TUL¬ 
SA*  performance.  Although  similar,  each  has  dis¬ 
tinct  advantages  In  certain  areas,  and  both  have 
been  used  for  this  work. 

The  PULS RAD  code  will  solve  10  secs  of  circuits  of 
unequal  length  each  with  uniform  axial  current 
density.  PULSRAD  Is  not  capable  of  using  divided 
conponents.  The  CYLSEC  code  will  solve  A  secs  of 
circuits  of  unequal  length,  two  with  uniform  axial 
current  density  and  two  capable  of  being  divided 
both  axially  and  radially.  Additionally,  PULSRAD 
has  two  nodes  of  solution;  flux  equations  and  volt¬ 
age  equations.  The  flux  solution  uses  conservation 
of  flux  and  gives  results  that  are  lossless  upper 
Halts  of  a  PULSAR  device.  The  voltage  mode  of 
PULSRAD  uses  sunoacion  of  voltage  equations  and 
gives  results  that  are  in  close  agreement  with  ex- 
pariaent.'*  C7LSEC  operates  in  exactly  the  same 
canner  an  PULSRAD  voltage  node. 

Paraceter  Study 

A  small  scale  PULSAR  device  (‘'•10  kJ  output)  has 
been  in  eperaeion  for  several  years. ®  To  determine 
aagnet  characteristics  for  larger  PULSAR  systeaa  a 
10  !U  output  was  selected  as  standard.  The  flux 
node  of  PULSRAD  code  was  used  to  sire  various 


systems  to  produce  the  standard  output.  Two  prin¬ 
cipal  constraints  are  readily  apparent:  (1)  it  is 
desirable  to  use  well-known  superconducting  mater¬ 
ials;  therefore,  the  magnetic  field  density  of  che 
magnet  should  be  limited  to  ST  or  lase;  (2)  struc¬ 
tural  become  Increasingly  hard  to  build  If  pulsed 
fields  of  20T  are  repeatedly  applied,  therefore, 
the  axial  field  at  the  generator  well  should  be 
limited  to  20T  or  lass. 


Pour  Pulsar  systems,  listed  in  Table  I,  were  de¬ 
signed  to  meet  the  10  MJ  output  requirement.  A 
preliminary  evaluation  of  System  1  established  that 
excessively  high  fields  and  energies  would  be  pro¬ 
duced  and  a  derailed  design  was  not  completed. 
Systems  2,  3,  and  A  are  comparable  In  terms  of 
snargy  end  field.  System  A,  will  of  course,  have 
■  larger  cryoatsc,  which  will  be  more  expensive. 
Savings  will  be  avldenc  In  che  amount  of  aupercon- 
ductor  required  In  System  A. 


Msg-net  Design 

The  magnets  of  Systems  2,  3,  and  A  were  design  by 
Inttrmagnatlcs  General  Corp,  Cullderland,  MY.  Kay 
factors  considered  were  shielding  against  che  tran¬ 
sient  field,  conductor  design,  winding  dsslgn,  cry¬ 
ostat  design,  end  cost. 


A  number  of  different  shielding  position  alcerna- 
tives  are  available.  Referring  to  Figure  3,  shields 
of  copper  or  aluminum,  could  be  used  with  placement 
either  inside  the  warm  bore,  in  che  vacuum  space 
or  on  che  actual  winding  form.  Analysis  of  che  var¬ 
ious  materials  and  possible  locations  resulcsd  in 
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Fig.  3.  Possible  Shield  Locations 
placing  che  shield  between  che  magnet  winding  form 
and  warm  bore.  This  location  has  several  advantages: 
(1)  the  shield  serves  as  a  heat  shield,  (2)  heat  In- 
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duced  Into  the  shield  is  my.  directly  coupled  to 
the  liquid  helium  and  (3)  char*  ia  significant  aw- 
tarial  saving  by  operating  ac  reduced  temperature. 
Calculation*  ahow  cha  shield  will  reduce  the  tran¬ 
sient  Maid  to  11  or  laaa  of  ica  original  value 
for  pulses  aa  long  aa  100  aa. 

Tha  daalgn  of  tha  auparconduetiva  cabla  la  baaad 
on  conaarvaciva  crysstable  winding  daalgn  practices 
and  a  noraal  atata  r.aat  flux  of  0.2  watt a/cm*. 
Figure  4  llluacracaa  tha  FULSAX  cabla.  Tha  daalgn 
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Fig.  1.  7 VI SAX  Conductor 

of  the  coll  lx  Intentionally  conaarvaciva  and  alia- 
inatea  cha  poxxlblllty  of  tha  aagnat  compromising 
the  pulaad  energy  output.  Two  arena  Chat  aay  land 
theaaalvea  to  raducclona  in  alxa  and  chux  aavinga 
are  cha  conductor  daalgn  and  the  shield  daalgn. 

Tha  conductor  normal  atata  heat  flux  and  tha  ahiald 
thicknaas  has  bean  baaed  on  FULSXAD  and  CTLSEC  com¬ 
puter  runs  and  aquations  approximating  tha  perform¬ 
ance  of  cha  copper  shield.  A  larger  than  noraal  de¬ 
sign  margin  was  used  in  thaaa  areas  to  reflect  the 
uncertainty  of  the  input  dac%.  A  onallar  margin 
could  perhaps  be  established  depending  upon  a  per¬ 
formance  evaluation  of  this  syscan  and  a  computer 
code  cecblnlng  the  PULS RAD  and  CTLSEC  codes.  For 
all  three  systems,  even  with  tha  magnetic  shield  in 
place  there  la  a  dB/dt  at  the  winding.  Therefore, 
it  ia  advantageous  to  nove  the  NbTl  superconductor 
co  the  interior  of  the  conductor.  The  additional 
copper  surrounding  the  superconductor  acta  aa  a 
final  shield. 


The  vinding  design  of  tha  three  colls  is  relatively 
simple  and  straightforward.  The  parameter  study 
yielded  cha  magnet's  energy,  field,  site,  and  am¬ 
pere-turns.  From  this  information  and  the  conduc¬ 
tor  design,  the  number  of  turns,  turns  per  layer, 
number  of  layers,  and  length  of  conductor  is  deter¬ 
mined.  These  data  are  given  in  Table  11.  The  de¬ 
sign  of  the  FULSAX  colls  relies  upon  a  fully  con¬ 
strained  conductor.  This  conservative  approach  is 
taken  because  of  the  possibility  of  mechanical 
shock  during  the  pulse  generation. 

Cost  Estimates 

Coat  estimates  for  the  three  main  systems,  are  sum¬ 
marised  in  Table  111.  The  costs,  in  1976  dollars, 
Include  labor  and  material  costs  for  the  conductor, 
winding,  cryoscac,  electronics  (power  supply,  pro¬ 
tection  circuits,  and  controls)  and  engineering. 

Of  immediate  interest  is  the  cost  decreases  as  aag¬ 
nat  energy  Increases.  However,  if  one  assumes  a 
constant  magnet  field  level  of  1.96  T  for  Systems 
3  and  4,  the  energy  each  would  store  i*  *5  !tl  and 
70  KJ,  respectively.  It  is  apparent  that  Systems 
3  and  4  are  under-utilised  and  that  the  decreased 
cost  of  wire  will  not  offset  the  Increased  cost  of 
materials  due  to  larger  size.  System  1,  dropped 
from  consideration  because  of  high  field  levels, 
was  not  designed  and  only  a  preliminary  cost  esti¬ 
mate  waa  conducted.  Thla  estimate  indicated  a  cost 
higher  than  Syatam  2.  Therefora,  a  valley  in  the 
coit  curve  does  exist,  and  Syatam  2  is  the  nose 
cost  effective  of  the  four  systems  studied. 

Large  FULSAX  systems,  capablt  of  producing  energy 
pulses  of  several  100  KJ,  arc  under  study  at  the 
present  time.  Magnet  cos:  per  joule  will  decrease 
for  these  systems.  Additionally,  present  work  on 
plasma  armatures**  will  lover  cost  of  10  MJ  and 
larger  systsms  because  of  reduced  shielding  require¬ 
ments  due  to  faster  pulse  rlscclnes.  Flux  losses 
in  the  center  of  the  FULSAX  device  are  reduced  with 
plasms  armatures  yielding  additional  saving  on 
total  system  cost. 

Summary 

The  FULSAX  system  provides  a  unique  application  of 
a  superconducting  aagni*t.  Three  different  size  de- 
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signs  have  been  developed,  allowing  flexibility  In 
cha  araature-generacor  configuration.  The  basic 
differences  In  She  designs  art  of  geometry  and 
flald.  System  2,  despice  lea  aaallar  diameter, 
haa  cha  highest  energy  Jua  Co  lea  such  higher  flald. 
Tha  diaeneioaally  largesc  syscaa  la  Systa*  4,  how¬ 
ever,  dua  eo  lea  low  flald  le  haa  eha  lowest  acorad 
energy  of  eha  ehraa.  System  2  haa  cha  aoac  coac 
affacclva  acgnec. 


TABU  1 

Syaca«  Specification* 


FULSAX  Sysca* 

1 

2 

3 

• 

n 

Outside  Kadlua  of 
Araacure  Expanded  (a) 

0.6 

0.9 

1.15 

1.4 

Kean  Radius  of 

Canaracor  (a) 

0.61 

0.91 

1.16 

1.41 

-era  Bora  Xadlua  (a) 

0.76 

0.97 

1.23 

1.47 

‘•finding  Inaida  Xadlua 
of  Superconductive 

Coll  (a) 

0.99 

1.24 

1.51 

1.72 

Coll  Length  (a) 

1.2 

1.8 

2.3 

2.3 

Initial  Axial  Magnetic 
Flald  (T) 

4.9 

1.9 

1.14 

0.77 

Axial  Field  ac  Wall 
of  Ceneracor  (T) 

25.4 

15.3 

12.4 

10.0 

Superconducting  Magnet 
Energy  O'J) 

35.0 

27.0 

16.7 

12.3 

TABLE  II 

Turr.a  Spaclflcaelon 


Svseen 

Turns/Laver 

Lavers 

Wire  Lenrch  (las) 

*1 

247 

20 

40.3 

3 

377 

12 

43.7 

it 

309 

3 

45.3 

TABU  III 

Coac  Eselaaca*  for  PULSAX  Kaanata 

(«) 


Svacea 

KamaC 

Crvoacac 

Ocher 

Total 

*» 

357 

490 

248 

1053 

3 

304 

632 

243 

1184 

4 

275 

324 

248 

1347 
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DESXCs  or  TXT  AKUTUXE  W1KOIXCS  Of  A  COHT EX SATED  FUL5ED  ALTEXXATOR  EX5IXEEXXXS  PXOTOTTTE 

K.  Cully,  V.  L.  Sira,  M.  lull ion,  K.  C.  Xylander,  V.  F.  Ueldon,  K.  K.  Woodaon 

Center  lor  Electromechanits,  The  University  of  Texes  at  Austin 
Taylor  Hall  147,  Austin,  Texas  78712 


Abstract 

The  dtal|n  of  th«  armazurt  windings  of  a  6  hV, 

70  kA  compensatad  puisad  altarnator  anginaarlng 
prototype  now  uadar  construction  at  Tha  University 
of  Taxsa  at  Austin  is  prasantad.  Electromagnetic 
forces  acting  on  tha  windings  and  the  resulting 
aachanlcal  and  alactrical  strassaa  placed  on  tha 
armature  insulation  are  given.  Test  results  of  a 
prograa  to  select  tha  ground  plana  insulation 
system  are  described.  Finally,  fabrication  method*, 
tooling,  and  problem*  encountered  during  construction 
are  discussed. 

Introduction 

The  compensated  pulsed  altarnator  (coapulsetor)  is 
presently  being  developed  by  the  Canter  for  Electro- 
mechanlcs  (CD!)  at  The  University  of  Texas  at 
Austin.  *  An  engineering  prototype  compulsator 
rated  at  (  W,  70  kA  peak  has  been  designed  to 
deliver  approximately  200  U  to  a  xenon  flaahlamp 
load  and  is  now  under  construction.^  A  cutaway 
drawing  of  the  aachine  la  shown  in  Figure  1. 

Basically,  the  generator  is  a  single  phase 
alternator  with  stationary  field  and  a  rotating 
armature.  The  armature  winding  and  an  identical 
stationary  winding  are  connected  in  series,  so  that 
at  one  point  per  cycle  the  inductance  of  the  arma¬ 
ture  circuit  is  minimi: ad.  The  variable  antnture 
inductance  leads  to  flux  compression  action,  which, 
coupled  with  alternator  action  delivers  high  current 
pulses  to  the  flashlamp  load.  Typical  performance 
parameters  are  listed  in  Table  1. 

Winding  Configuration 

Soch  the  armature  winding  and  the  compensating 


winding  are  located  in  the  magnetic  air  gap  between 
the  rotor  periphery  and  the  stator  bore.  The  con¬ 
ductors  are  not  imbedded  in  slots,  but  are  held  ir. 
place  by  the  adhesive  bond  formed  by  the  ground 
plane  insulation  (glass  filled  epoxy)  and  the  steel 
rotor  or  stator.  Tha  air  gap  configuration  has  been 
proposed  for  large  synchronous  generators  and 
has  bean  used  for  the  armature  winding  of  supercon¬ 
ducting  alternators.^  The  configuration  is  used  in 
tha  compuleator  to  reduce  the  minimum  armature 
inductance  and  Increase  flux  compression  eetlon  to 
improve  machine  performance. 


Figure  1:  Schematic  of  Compulsator 

To  minimize  inductance  the  conductors  are  radially 
thin  and  the  redial  separation  between  the  rotor 
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winding  and  stator  winding  1*  u  small  ta  electrical 
and  mechanical  constraints  panic.  Slnca  cha 
conductor*  arc  fully  axpoiad  to  tha  applied  aagnacie 
{laid,  tha  mechanical  forces  on  cha  conductor*  and 
insulation  at*  larger  chan  la  convaacionml  machinery 
where  the  primary  iorca*  are  exacted  on  the  rocor 
teeth.  Therefore,  multi-layer  winding*  and  winding  * 
with  crossovers,  such  as  the  lap  and  spiral  winding* 
shown  in  Figure  2,  are  avoided.  A  slngl*  layer, 
sultl-ccm  wave  winding  1*  used.  The  wave  winding 
is  modified  co  ellninace  cha  crossover  by  raaovlng 
on*  conductor  under  one  pole  and  using  the  closely 
coupled  compensating  winding  as  the  current  return. 

See  Figure  3.  Notice  that  boch  winding*  have 
one  nissing  conductor  and  that  slip  rings  are 
located  at  boch  ends  oi  the  rocor. 


one  pole  will  ba  reduced  at  the  nonane  oi  peak 
current.  The  resulting  magnetic  iorca  toward  cha 
weak  pole  will  approach  3.2  x  10*  N  (185,000  lbi) 
under  iaulc  conditions  li  damping  iorca*  are  negiec- 
ted.  This  iorca  is  removed  by  shliting  the  center 
lines  oi  the  conductor  belts  adjacent  co  the  weak 
pole  approximately  0,042  radians  (2,1  degrees). 

This  displacement  does  introduce  am  additional 
mess  imbalance  which  muse  be  removed  during  rotor 
balancing. 


Table  1:  Engineering  Prototype  Parameters 


Figure  2:  Conventional  Armature  Windings 


Number  oi  poles  1 

Kotor  Speed  (rpm)  S4C0 

Kotor  Angular  Velocity  (sec-1)  565 

Open  Circuit  Frequency  (Hr)  110 

Paak  Opan  Circuit  Voltaga  (kV)  5.7 

Minimum  Armature  Inductance  (uK)  27 

Armature  Xeelscanca  at  20*C  (mil)  15 

Compensating  Winding  Axis  (rad)  0.147 

Peak  Load  Current  (kA)  72 

Peak  load  Voltage  (kV)  6 

Teak  Power  to  Load  (MU)  130 

Pulse  Kali  Width  (usee)  560 

Oeiivared  energy  (kJ)  200 

Peak  Mechanical  Power  (Average) (MU)  500 
(at  wa  ■  SiS  eec-1) 

Armature  Teaperature  Rise  (*C)  3.9 

Peak  Fault  Current  (kA)  150 

Peak  Mechanical  Power  (Average) (MU)  1150 
tac  j3  »  534  sec-1) 


Armature  Temperature  Rise  Under  Faulc  10 
•*C) 


Missing  Conductor  Force 

Since  one  conductor  oi  boch  rocor  ar.d  stator  windings 
arc  removed,  the  magnetic  pressure  in  the  gap  under 
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Figure  3:  Modified  Wave  Winding 


Conductor  Design 

The  rocor  conductors  are  stranded  and  transposed 
co  hold  eddy  current  losses  to  an  acceptable  level. 
Each  rocor  conductor  consists  oi  ten  0.165  cm  x 
...308  cm  cype  8  Lit:  vires  (wound  tea- in-hand) 
supplied  by  New  England  Electric  Wire  Company. 
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Each  Li?:  wire  consists  of  12  bundle*  of  seven  *30 
A  VC  AT  Bonder*  (Phelps-Dodge)  bondtblt  M{n<:  vires 
which  sr«  stranded  six  around  on*.  Each  of  eh*  e*n 
Ues  wir*s  is  wrapped  wieh  Hexeei  F159/120  pre-preg 
gloss  filled  epoxy  eap*  in  a  linear  wrap  raeher  than 
a  spiral  wrap  becaus*  of  the  siniaua  slitting  width 
of  pre-preg  cap*.  A  cross-sectional  end  vi*w  of  eh* 
insulation  ijrstn  is  shown  in  Figure  4. 
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Figure  4:  Insulation  Sysce 


There  ar«  12  conductors  per  pol*  for  three  poles 
and  11  conductors  on  on*  pole  due  to  the  missing 
conductors  for  a  total  of  47  conductors.  Therefor*, 
there  ar*  nominally  120  Lit:  vires  per  pole. 

It  is  not  necessary  to  transpose  eh*  10  Lit:  vires 
in  a  conductor  bundle  sine*  the  modified  wave 
winding  provides  a  natural  transposition.  A  wire 
occupying  the  Inside  position  under  south  poles 
occupies  the  outside  position  under  north  poles. 

Rotor  Ground  Plane  Insulation 
The  ground  plane  insulation  must  withstand  the 
armature  voltage  to  ground,  nominally  6  kV  peak,  but 
most  importantly,  must  transmit  the  torque  required 
to  decelerate  the  inertia  of  the  rotor  laminations 
and  shaft.  The  maximum  average  shear  stress  placed 
on  the  adhesive  bond  is  7.1  MPa  (1030  psi)  under 


normal  conditions  and  17.3  MPa  (2300  psi)  under 
fault.  The  estimated  stress  concentration  factor 
due  to  non-uniform  flux  distribution  is  1.3.  There¬ 
fore,  the  Insulation  system  is  subject  to  a  cyclic 
load  of  10.6  MPa  (1340  psi)  and  26  MPa  (3780  psi) 
under  short  circuit.  The  insulation  is  loaded  in 
compression  at  the  time  of  ptak  shear  stress  by  the 
magnetic  pressure  in  the  air  gap.  The  mai.lmun 
compressive  loading  occurs  100  usee  after  the  peak 
shear  strata  and  is  a  maximum  of  33  MPa  (4000  psi) 
under  short  circuit. 

Kexctl  F159/1561  has  been  selected  for  this  applica¬ 
tion  based  on  static  rotary  shear  strength  tests 
performed  by  the  Center  for  Eleecrosechanits. 

Similar  tests  for  copper/epoxy  bonds  performed  by 
Crisaum  Aerospace  also  show  Hexccl  to  be  a  good 
selection.'  The  tap*  is  supplied  in  3  cm  width  by 
0.24  ■>  thick  and  is  applied  in  seven  half  lap 
wrap*  for  a  total  build  of  0.33S  cm.  Nominal  dielec 
trie  stress  is  IS  kV/ca  (43  VPM).  The  peak 
dielectric  screes  anticipated  is  30  kV/cm  (76  VPM), 
which  can  be  impressed  on  the  insulation  In  the 
event  that  the  lamps  fail  to  trigger. 

Stetor  Ground  Plane  Insulation 

The  stator  ground  plane  insulation  must  transmit  the 
reaction  torque  to  ground  through  the  adhesive  bond 
between  the  insulation  and  the  Stator  bore.  It  is 
similar  in  construction  to  the  rotor  ground  plane 
insulation. 

Rotor  Banding 

The  centrifugal  forces  on  che  rotor  conductors  are 
taken  by  a  pre-tensioned  glass  banding  cape  which 
is  wound  on  che  oucer  diameter  of  che  rotor. 

Central  Electric  Banding  Tape  No.  76B43  (60  end 
cape  1.9  cm  wide)  is  applied  In  two  half  lap  wraps 
under  2200  K  (300  lbf)  tension.  The  banding  tape 
also  serves  as  electrical  Insulation  between 
winding*  and  is  normally  stressed  at  20  kV/cm 
(51  V7M).  The  maximum  expected  dielectric  seres* 
is  33  kV/cm  (85  VPM). 

Stator  Cap  Insulation 

The  stator  conductors  are  wound  on  a  thin  0.64  mm 


layer  of  Rapcon  insulating  film.  The  insulation 
la  formed  by  9  layers  of  u  Aseiate  adhesive  coated 
Kapcon  cap*  k702l  (0.076  aa  x  2.51  ea  wide)  manu¬ 
factured  by  the  kogera  Corporation,  Chandler, 
Arizona.  Tha  capa  la  normally  stressed  ac  51  kV/ cm 
(23/  VTM)  with  tha  maxiaum  of  90  kV/ca  (230  VTM). 

Tha  stator  gap  Inaulaeion  la  not  required  to  trans¬ 
mit  ,urge  mechanical  forcaa  aa  ara  tha  ochar 
Inaulaeion  systems. 

Hwthanleal  Clearance  (Electrical  Air  Ca?) 

Tha  minimum  armature  inductance  la  directly  propor¬ 
tional  to  tha  effective  aaparatlon  of  tha  rotor 
winding  and  compensating  winding.  Tha  inductance 
variation  or  flux  compression  ratio,  variaa  aa  tha 
inverse  square  of  tha  af factlva  aaparatlon.  Thare- 
fora,  tha  mechanical  air  gap  must  ba  minimized  to 
obtain  pa »lt  performance.  Tha  mechanical  claaranea 
of  tha  0.3S  a  dloae-e;  rotov  in  tha  stator  bora  la 
1.6  art  (63  nils)  on  a  radius,.  This  claaranea  la 
dictated  by  tha  dynaalc  aachanlcal  raaponaa  of  tha 
rotor  and  tha  volcage  atraaa  acroaa  tha  pap. 

Corona  Suporesalon 

If  steps  vara  not  taken  to  shunt  tha  air  gap  capaci¬ 
tance  with  a  low  resistance,  tha  air  in  tha  gap 
would  ba  stressed  beyond  its  dielectric  strength. 

To  avoid  this  situation,  both  tha  outer  diameter  of 
tha  rotor  and  tha  stator  bora  ara  coated  with  thin 
layers  of  conductive  paint  and  ara  Joined  ac  each 
and  through  slnlacure  brushes  on  copper  slip  rings. 
The  surface  resistivity  of  tha  conductive  paint 
is  103  ohms  per  square  (Tecknie  Acrylic  -100  #73- 
C03S2).  Tha  peak  stress  on  the  air  gap  is  reduced 
to  less  than  6.3  kV/ca  ac  the  maximum  anticipated 
voltage  (10  kV)  and  frequency  (10  kKs). 

A  mature  Brush  Mechanism 

Using  tha  winding  configuration  shown  in  Figure  3, 
current  ia  collected  ac  both  ends  of  the  rocor. 

£ach  brush  nechanlsa  consists  of  30  copper  gnphlce 
brushes  iMorganlce  OHS)  which  ride  on  a  25.4  ca 
dimeter  copper  slip  ring.  Each  brush  has  an 

t 

apparent  contact  area  of  17  ca"  and  the  aaxlaua 
velocity  is  ?0  a/sec.  Air  cylinders,  clevis 
counted  in  G-10  rings,  actuate  tha  srushes  which  ace 


attached  to  the  copper  output  conductors  by  aeons  of 
cantilevered  1.6  ca  chlek  copper  scraps.  These 
scraps  are  attached  to  provide  a  trailing  ara 
brush  configuration.  The  output  conductor  rings, 
fabricated  froa  ST?  copper,  are  grooved  to  provide 
unifora  current  distribution  around  the  slip  ring. 

Bncary  Shear  Teecs 

A  variety  of  static  shear  tests  were  aade  using 
the  double  shear  test  fixture  shown  in  Figure  5. 

The  test  jig  is  aade  of  alld  steel  and  la  cleaned 
prior  to  each  test  aa  follows: 

1.  Sand  surfaces  with  ISO  grit  eaery  paper. 

2.  Degrease  with  soap  and  water. 

3.  Dip  in  solvent  (aechanol). 

4.  Soak  jig  10-12  ainutea  in  American  Cyanlslde 
Frebond  700  3  SS’C. 

5.  klnse  in  distilled  water. 

6.  kins*  la  aechanol. 

Oven  dry  at  150*C. 

The  cape  under  test  is  supplied  or  cut  co  2.5  ea 
width*  and  is  wrapped  On  the  mandrels  with  a  coral 
build  grsacer  than  the  housing  bore.  The  cape  is 
compressed  approximately  15  percent  when  the  mandrel 
housing  is  damped  tight. 


Figure  5:  ?hoto-Shesr  Test  Jig 

Test  results  for  a  variety  of  insulation  candidates 
are  given  in  Table  2. 

The  final  test  of  the  Kexcei  was  performed  co  test 
the  bond  strength  between  two  Kexcei  surfaces,  one 
previously  cured  and  maenined.  The  average  shear 
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strength  waa  reduced  thirty  percent. 

Table  2:  Torsional  Shear  Te*:  Results 

Shear  Street 

Material  Kra(psl)  Failure  itode 

G.t.  .Mica  Mac  77937  2.06(300)  Adhesive 

C.E.  Mica  Mac  77915  4.52(700)  Interlaminar 

Oott  DER  332  Wee  Layup  13.1(2000)  Adhesive 

Scotckply  1003  27.6(4000)  Interlaminar 

Ucxcel  F159/77S1  29.6(4300)  Interlaminar 

Hexeel  ri59/7781  27.1(3939)*  Interlaminar 

Uexcfcl  F159/7781  15.7(2720)*  Machined  Interlace 

•Teats  performed  at  end  of  material  shell  life 
(2  month*  at  40*r) 

Tooling  and  Fabrication 

A  variety  o!  tooling  it  required  (or  fabricating 
the  rotor  winding  and  compensating  winding.  This 
cooling  includes  the  following: 

1.  Collapsible  stator  winding  mandrel. 

2.  Tum-to-tum  insulation  wrapping  machine. 

3.  Lit:  wire  feeding  mechanism  for  winding 
ten-in-hand. 

4.  Rotor/stacor  mandrel  support  fixture. 

3.  Tape  tension  device/banding  machine. 


The  collapsible  stator  winding  mandrel  is  shown 
in  Figure  6. 


Figure  6:  Stator  Conductor  Assesbly 


The  Lite  wire  tum-to-curr,  insulation  i*  applied 
linearly  as  shown  in  Figure  7. 


Figure  7:  Tum-to-Tum  Tape  Folding 


A  completed  wire  sample  is  shown  in  Figure  5. 


figure  8:  Photo-Sample  Lit:  Wire 


The  following  cable  presents  each  step  of  the 
vinding  sequence  and  solutions  to  the  slscellaneous 
problems  encountered  during  fabrication  are  listed. 
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Table  3:  Fabrication  of  Compensating  Winding, 

Problem*  and  Solutions 

Procedure 

Problem* 

Solution 

fabricate  air  gap 
winding  spacer* 

inaulacinc  notarial,  compound  angle 

ac  and  curna  pravaaca  conventional  machining 

Laninacad  secuccurt  out  of 

0.3  cat  C-10  ahaaca  using 
troat  321  epoxy.  Crind  ahapa 
by  hand. 

Wrap  Hexeel  njJ/720 

eurn-co-eurn  insulation 

Spoxy  flow*  at  room  camparacura  causing  capa 
co  atrat'.h  and  apoxy  co  ceac  Jig  rollara. 

Move  procaa*  co  refrigerated 

room  ac  10*C 

Vrap  Kapton  acacar  air 
jap  insulation  on  winding 
sandrel.  Jend  C-10  apaeora 
in  position 

Kapton  shifts  during  cura  cycla.  laminated 

C-10  apacara  warp 

Cura  in  two  acapa.  Us* 
disposable  haac  shrink  capa 
co  control  Kapron  diameter. 
Bond  C-10  apacara  with 

Maxcal  raaln.  Hold  apacara 
in  placa  with  both  hoaa 
damps  and  ahrlnk  film. 

‘«'nd  tic:  wire  can  in  hand 

Vires  auat  nova  indapaadaady.  .Suae  hold  in 
placa  a a  rocaca  horiaontally 

Made  jigs  co  locate  aach 

bundle  of  10  wires  with 

cespmcc  co  spacers.  Use 

inner  cubes  co  hold  wires 

in  placa. 

Vrs?  Kaxcel  FUS/lSll 
ground  plana  inaulacion 

Voids  scat  ba  filled  co  pravanc  air  bubblaa 

False  on  apoxy  before  wrapping 

liasp  polaa  around  sandrel 

Voids  or  wrinkle*  in  capa  after  10*  compression 

causa*  acraaa  concancracion 

Suile  jigs  co  locate  -  pole 
place*.  Each  placa  rotated 
inco  place  rather  chan 

sliding  ac  interface. 

■raring  id  inaulacion  syxces 

Large  structura/no  avallabla  ovan 

Sor.dtd  nlchrose  alananc 

resistors  :o  heat  places 
wish  chernon  heat  transfer 
ctaanc.  Strapped  resistors 
co  poles  and  bora  o f  scacor 
sandrel. 
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A  prototype  o f  a  compensated  pulsed  alternator 
(compulsator)  1*  pr«**ntly  under  construction  at 
the  Center  for  Eleecromechanie*  (CEM)  of  The  Uni¬ 
versity  o f  Texa*  ac  Austin.  The  untrue  machine 
configuration  and  peak  output  current  (130  kA)  gen¬ 
erate  large  force*  not  typically  ***n  by  conven¬ 
tional  rotating  machine*.  The  rotor  1*  sad*  of 
2813  lamination*  shrink  fitted  on  a  vertical  ihaft. 
Sint*  the  rotor  ha*  an  L/D  of  3.2  and  a  maximum 
*p«*d  of  3100  rpm,  the**  Inaulated  lamination*  are 
clamped  on  the  end*  with  large  Sellevlll*  weiher* 
to  Incre***  the  effective  *ciffn**«.  The  *t*eor  1* 
mounted  on  a  torque  frame  which  allow*  It  to  rotate 
during  discharge  to  reduce  the  force*  cranamltted 
to  ground.  The  mechanical  consideration*  and 
design  of  chi*  nechlne  are  presented. 

Introduction 

The  cospulaator  is  a  rotating  energy  *torag*  device 
which  provide*  high-voltage,  high-current  pulse*  by 
utilising  the  principle*  of  magnetic  induction  end 
flex  compression.  Although  Initially  invented  to 
power  the  flathlamps  used  in  the  Shiva  Hova  laser 
fusion  facility  at  the  Lawreneo  Livermore  Labora¬ 
tory,  cne  compulsator  1*  also  presently  under  study 
a*  a  power  supply  for  other  application*  requiring 
compeer,  high-energy,  high-power  repetitive  or  single 
pulse*.  The  engineering  prototype  conpulsator  under 
construction  is  a  one-half  scale  model  of  one  of  the 
machines  to  be  used  in  the  Shiva  Hova  laser  facility. 


D*«ltn 

Figure  1  show*  a  cut-away  Isometric  drawing  of  the 
compulsator  without  external  connection*  such  as 
oil  lines  and  pomps  for  the  bearings,  motor-drive 
system,  field  coll  connection*  and  power  supply, 
and  output  connectors  to  the  flsshlamp  load.  Tha 
three  major  mechanical  component*  discussed  are: 

1)  rotor,  2)  back  Iron  and  3)  torque  frame . 
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Figure  1.  Cutaway  Isometric  of  Compulsator 


This  paper  presents  the  mechanical  design.  For  de¬ 
tails  of  the  principal  of  opcratlcn,  electrical 
design,  and  armature  winding  design,  see  references 
1,  2,  and  3  respectively. 


1.  Sorer 

in  order  to  reduce  eddy  current  losses,  the  rotor 
is  made  of  2913  steel  CM— 19)  laminations,  0.036  cm 
(0.016  in)  chick.  38.1  cm  (IS  In)  in  diameter  and 
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shrink  fitted  on  se  *a  AISX  4340  t:*«l  shaft  heat 
treated  ca  S»  34.  because  the  nominal  that:  diam¬ 
eter  0!  9.(3  ea  (3.8  la)  la  insufficient  to  Veep 
the  first  rotor  critical  above  the  maximum  operat¬ 
ing  speed  of  3400  rpa,  It  la  necessary  to  coaprcaa 
the  laalaatloaa  la  order  to  lncreaae  the  effective 
flexural  aodulua  of  the  rotor,  hence  the  rotor 
stiffnxaa.  The  rotor  cannot  he  allowed  to  pace 
through  a  critical  becauac  hysterlclc  loaaea  from 

eliding  of  the  lamination  interfaeea  would  reault 
# 

in  a  rotor  lnatabllicy*.  The  lamination  preload 
la  applied  with  two  (one  per  end)  large,  titanium 
lelleville  waahera.  6.03  c jt  (3.373  la)  thick  and 
3S.1  ca  (13  In)  in  diameter.  Secauae  of  the  Selle- 
vllle  washer  eonfiguracion,  the  preload  of  2.67xl0*f> 
(600,000  lb)  preferentially  loads  the  outside  diam¬ 
eter  of  the  laminations  although  the  washer  will  be 
flattened  to  partially  load  the  Inner  diameter  also. 

The  required  preload  was  not  arbitrarily  selected, 
but  resulted  from  a  series  of  tests  performed  on 
cample  stacks  of  laminations.  The  two  guiding 
design  criteria  were  the  Interlaminar  resistance 
and  effective  modulus  versus  load.  With  Increasing 
load,  the  effective  flexural  modulus  of  the  stack 
of  laminations  Increases  as  the  interlaminar  resis¬ 
tance  decreases. 

The  desired  lamination  core  plating,  C-5,  could  not 
be  obtained  on  the  schedule  required  far  construc¬ 
tion  of  .he  prototype.  The  plating  received,  C-0, 
was  unacceptable  and  required  that  an  interlaminar 
insulation  be  applied  that  could  cake  the  high 
loads.  The  first  type  of  insulation  tested  was 
Sterling  U-67/PS,  an  air  dry  varnish. 

Figure  3  shows  the  measured  overall  resistance 
versus  load  of  two  separate  stacks  of  laminations. 
The  bottom  curve  is  the  test  results  of  a  stack  of 
1000  varnished  laminations.  Even  as  the  load  was 
held  steady,  the  resistance  continued  to  drop  and 
at  1.33  x  loS  (300,000  lb),  aeasured  182  ohas. 

This  uas  unacceptable  since  a  value  of  782  ohms 
was  desired  in  order  to  keep  the  eddy  current  losses 
at  an  acceptable  level. 


IMS  ,  IS*  Ml 


Figure  2.  assistance  vs  Load 

The  next  insulation  tasetd  and  finally  usad  was  a 
military  reflnlsn  concentrate  made  by  Atlanta 
Cutlery.  It  Is  a  chemical  conversion  coating  which 
phosphaclxea  the  surface.  The  varnish  previously 
applied  wae  baked  off  the  laminations  before  the 
chemical  conversion  coating  was  applied.  The  resis¬ 
tance  varaua  load  of  a  stack  of  500  coated  lamina¬ 
tions  is  also  shown  In  Figure  2  and  at  3.11  x  10^N 
(700,000  lb)  measured  9,040  ohms,  over  an  order  of 
Mgnicude  above  the  design  goal  of  391  ohas.  Note 
that  even  ss  the  load  was  fluctuated,  the  resistance 
remained  relatively  stable  and  repeatable.  The 
resistance  did  register  lower  after  c.  t  load  vas 
decreased  than  when  the  load  vas  initially  applied. 
This  is  probably  due  to  an  Increasing  number  of 
smell  asperities  breaking  through  the  Insulation  as 
tha  load  is  increased  and  chan  remaining  in  contact 
with  tha  adjacent  lamination  as  the  load  Is  de- 
craased. 

During  the  same  test  with  the  chemical  conversion 
coated  laminations,  the  amount  of  axial  compression 
versus  load  was  measured  and  is  shown  in  Figure  3a. 
When  the  stack  is  initially  compressed,  the  total 
deflection  is  significant.  This  is  a  result  of  the 
air  being  squeezed  out  from  between  each  lamination, 
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seal!  asperities  being  flattened,  and  any  varpage 
In  the  laaioacion  being  flacteaad.  Whan  che  «aa« 
Stack  Is  than  compressed  a  second  ci*e,  even  af car 
siccing  unloaded  {or  or.a  day,  cha  total  deflection 
Is  considarably  lass,  tha  interesting  {act  is  chat 
cha  slops  of  tha  curve  as  cha  load  is  dacrasaad  is 
cha  saiM.  Indlcaciaf  that  aftar  tha  stack  is  loadad, 
its  aachanical  charactariscics  ara  repeatable. 

Figure  3b  is  an  enlarged  saccion  of  tha  firsc  load¬ 
ing  cur/a  and  shows  sons  othar  intarascing  facts. 

IW  t  If*  lift 


, Figure  3b 


IM  I  It*  |IH 


Figure  3a 

Deflection  vs  Load 

First  note  chat  as  the  stack  is  brought  to  full 
load,  at  two  points  the  load  is  reduced  and  cha 
stack  still  shcus  an  Increase  In  deflection.  This 
was  noticed  in  ocher  tests  not  presented  here  and 
is  due  to  the  anounc  of  tise  the  stack  is  allowed 
to  sic  at  load  before  the  deflection  seasuresenc  is 
made.  If  the  load  is  hold  steady,  the  stack  will 
continue  to  cospress  for  many  minutes.  It  is 


suspected  this  else  element  in  4  result  of  tha  air 
being  squeezed  out  iron  beeveen  cha  laminations. 
Another  important  fact  is  chat  after  cha  stack  scops 
creeping  and  tha  load  is  fluctuated,  tha  stack  does 
not  lead  and  unload  along  the  sane  curve,  indicating 
som  hysteresis  in  tha  stack. 

Since  tha  resistance  remained  high  for  all  cha  loads 
tested,  the  level  of  load  to  be  used  is  daceralnad 
by  mechanical  limitations.  The  Belleville  washers, 
which  apply  the  preload,  are  held  in  place  with  tvo 
large  nuts  which  also  serve  as  tha  bearing  journals. 
These  nuts  will  be  tightened  using  a  stud  tensioner 
loaned  to  CEM  by  tha  DuFonc  chemical  processing 
plant  in  Victoria,  Texas.  Tha  device  works  by 
scratching  the  stud  (in  our  case,  cha  shaft)  and 
than  "hand  tightening"  tha  nuc  down  against  the 
Belleville  washer.  The  device  hat  a  3.36  x  loS 
(900,000  lb)  pulling  capacity  which  produces  the 
maximum  stresses  the  modified  60*  stub-tooth  Acne 
threads  and  shaft  can  take.  Due  to  relaxation  in 
the  threads  as  Cha  load  is  transferred  fro*  the 
scud  tensioner  to  cha  nuc,  cha  resulting  preload 
will  be  less  although  cha  minimum  desired  is 
3.67  x  10&.N  (600,000  lb). 

Clasped  up  sections  of  laninacions  33.9  cm  (9  in) 
long  ware  bored  with  a  taper  of  6.96  x  10-*  cm 
(0.0027  in)  on  the  disaster  and  the  shaft  then 
ground  to  natch.  After  the  application  of  the  lanl- 
natlon  insulation,  che  inner  bore  of  the  laninacions 
were  aligned  for  cha  shrink  fic  by  pulling  one  laal- 
netlon  at  a  tine  up  against  two  snail  ground  shafts 
glued  together  and  inserted  down  che  bore.  The 
entire  stack  was  then  clanped  as  tightly  as  possible 
vlthouc  affecting  che  bore  alignsenc.  The  alignnenc 
was  checked  by  lowering  che  shaft  in  at  toon  cenper- 
acure  until  tha  tapers  matched.  The  final  shrink 
fic  was  done  by  chilling  the  shaft  in  liquid  nitro¬ 
gen  and  che.n  dropping  it  into  the  laninacions. 

Figure  i  is  a  picture  of  the  rotor  with  che  Selle- 
vllle  washers  and  nuts  in  place  and  che  back  iron 
in  the  background. 
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Figure  4.  Kotor  and  lack  Iron 


The  lnvaraa  of  the  slope  of  cha  curva  in  Figure  3 
can  be  considered  an  affactlva  Young's  Modulus, 

E^,,  of  the  stack  of  laminations  in  compression. 
Using  cha  data  obcainad  on  cha  final  unloading  in 
Figuta  3b,  E^ff-  1.88  x  1010  MFa  (2.72  x  104  psi). 
Although  what  is  actually  dasisad  is  tha  flaxural 
aodulus,  it  could  not  ba  measured  and  cha  abova 
E  tt  should  ba  sufficient  for  tha  dynamic  talcula- 
dons. 

A  discraca,  lumped  man  nodal  of  Cha  rotor-bear ing- 
support  syscaa  (saa  Figure  5}  was  performed  using 
a  CDC  6600  computer  to  solvt  for  cha  cosplax  eigen¬ 
vectors  and  coaplex  eigenvalues.  The  torque  franc, 
bearing  supports,  bearings  (including  danping),  and 
rotor  are  Included  in  the  aodel.  The  firoc  rotor 
critical  is  calculated  to  be  621  rad/sec,  10*  above 
maximum  operating  speed. 

The  radial  bearings  for  the  aachlne  are  dicing  pad, 
oil  lubricated,  hydrodynamic  bearings  made  by  Kings¬ 
bury,  Inc.  A  special  design  feature  incorporated 
into  the  bearing  is  spherical  buttons  on  the  back 
of  the  pads  which  allow  for  axial  misalignment  or 
cocking  of  the  shaft.  Each  bearing  is  instrumented 
with  a  resistance  temperature  detector  (RTD) 
embedded  in  the  babbit  to  monitor  pad  temperatures. 


The  thrust  bearing  1*  a  two  sided,  self  aligning, 
tilting  pad,  hydrodynamic  bearing  made  by  Kingsbury, 
Inc.  Each  side  is  instrumented  with  a  RTD  and  the 
loaded  side  has  two  load  cells  to  measure  steady 
state  and  dynaaic  loads. 

Since  this  is  an  experimental  machine  and  will  be 
started  and  stopped  many  times,  a  high  pressure  oil 
inlet  at  the  end  of  the  shaft  is  used  to  lift  the 
machine  off  the  thrust  bearing  pads  at  zero  speed 
to  avoid  excessive  wear  of  the  pads.  This  will 
only  be  used  during  start  up. 
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Figure  5.  Lumped  Mass  Dynamic  Model 
2.  Back  Iron 

During  a  discharge,  the  back  iron  must  withstand 
two  forces  generated  from  J  X  B  forces  and  flux 
compression.  These  forces  appear  as  a  torque  and 
an  internal  pressure  applied  at  the  inner  diameter 
of  the  back  iron  where  the  stator  conductors  are 
located  (see  Figure  6) .  The  back  iron  is  designed 
to  withstand  these  forces  under  steady  stnee  con¬ 
ditions  for  a  peak  fault  currcnc  of  150  kA  although 
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this  prsk  current  only  exist*  instantaneously  during 
che  pulse. 
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Flgurs  6.  Back  Iron 

The  reaction  corqua  of  2.70  x  loV«  (1.99  x  106 
fc-lb)  and  Internal  pressure  of  20.7  iffa  (3000  pal) 
ausc  be  sustained  with  no  relative  aovaaenc  o f  the 
pieces.  The  stator  conductor  Is  epoxled  to  the 
Inner  disaster^  o f  the  back  Iron  and  any  slippage 
of  a  back  Iron  sesber  could  Initiate  a  crack  In  the 
epoxy.  The  Ideal  geoaecry  for  these  forces  would 
be  a  cylindrical  vessel,  buc  a  casting  could  not  be 
obcained  In  tine.  An  Irregular  octagonal  structure 
nadc  of  16.5  ca  (6.5  in)  plate  as  seen  In  Figure  6 
evolved  with  the  sides  Interlocked  with  closely 
coleranced  keys  and  slots.  This  allowed  for  aost 
of  the  load  to  be  taken  by  the  keys  In  shear. 

Another  significant  design  feacure  of  the  back  Iron 
and  poles  is  that  they  do  not  extend  the  length  of 
the  rotor.  If  this  had  been  done,  the  axial  forces 
on  the  end  turns  at  each  end  of  the  rocor  from  the 
applied  field  and  the  current  in  the  conductors 
would  be  very  large  and  any  asytaecry  In  the  field 
would  pull  the  rocor  to  .ne  end  and  overload  the 
thrust  bearing.  Therefore,  the  back  Iron  only 


extends  the  active  length  of  the  conductors  and  the 
stator  end  turns  are  supported  by  stainless  steel 
rings  bolted  to  the  end  of  the  poles.  Figure  7 
shows  the  baek  Iron  suosorted  In  the  cornu*  fraae. 


Figure  7.  Sack  Iron  In  Torque  Fraae 


3.  Torque  Frege 

The  torque  fraae  is  a  structure  designed  to  support 
the  coapulsacor  and  allow  e  slight  rotation  of  the 
back  Iron  during  a  discharge  (see  Figures  1,  5  end 
7).  By  allowing  the  back  Iron  to  rotate,  the  total 
peek  load  transferred  to  the  torque  frasM  as  a 
result  of  the  discharge  corqua  is  reduced  froa 
6.82  x  106H  (1.53  x  106  lb)  to  1.15  x  10SH  (2.56  x 

4 

10  lo).  As  the  back  Iron  rotates,  It  conprcsses 
Belleville  washers  againsc  I  beans  which  font  the 
structure  of  the  torque  fraae.  The  springs  are 
essentially  serving  as  force  attenuators.  There  are 
two  secs  of  Belleville  washero  being  cocpressed  at 
each  of  the  four  corners  of  the  torque  fraae  located 
at  a  radius  of  79.1  ca  (31.3  in)  froa  che  center  of 
the  coepulsacor.  The  back  iron  Is  allowed  to  rotate 
0.00733  radians,  cospresslng  the  Belleville  springs 
0.582  ca  (0.23  In).  The  torque  fraae  is  constructed 
of  eight  I  beaas  (6112.5),  two  per  comer,  which  are 
connected  at  the  top  and  boctoa  by  a  square  foraed 
froa  rectangular  cubing.  In  addition  to  resisting 
che  discharge  torque,  che  fraae  ausc  support  che 
sags  of  che  coapulsacor,  approximately  9.07  x  10^  kg. 
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Abstract 

The  Center  for  Eleccromechanics  (CEM)  ac  The  Unl- 
varslty  of  Texas  la  currently  Involved  la  cha 
design,  fabrlcaclon,  and  testing  of  a  prototype 
compensated  pulaad  alcamacor  (ccmpulsacor).  Thla 
saehine,  a  new  concapt  la  pulaad  power  technology, 
utilise*  cha  principle!  of  magnetic  Induction  aad 
flux  coapraaalon  Co  coavarc  rocadonal  energy 
dlracdy  lnco  alaccrlcal  energy.^ 

Tha  subject  of  chla  papar  la  a  ona-fifch  acala 
varaior.  of  cha  OEM  prococypa.  Thla  daak  model  com- 
pulaacor  la  a  porcabla  demonstration  machine 
daaltnad  co  oparaca  la  cha  same  faahioa  aa  cha  full 
acala  aodal. 

tncroducdon 

Tha  compulsitor  vaa  lnvancad  co  raduca  cha  large 
volusa  and  high  coaca  aaaodacad  with  large  pulaad 
power  aourcaa.  Sacauaa  of  cha  machine's  unique 
characcerisdcs,  lc  la  abla  co  produca  cha  high- 
voltage,  high-current  pulaaa  of  capadcora  In  a 
sore  cocpacc  and  econoaical  fora. 

Alshoujih  cospuliwCcr  sifsrs  vsluns  awii  cssc 
savings  ac  high  povar  lavala,  cha  advantages  become 
lass  prominent  as  che  sice  of  cha  povar  source  Is 
reduced.  Because  of  this,  che  desk  aodal  coapulsacor 
is  noc  Intended  co  coapece  vlth  ocher  povar  sources 
In  lcs  oucpuc  range,  buc  rachar  co  demonstrate  cha 
operation  of  larger  corpulaacors. 

Principle  of  Ooeraclon 

The  design  feature  chac  aakes  che  coapulsacor  unique 
Is  a  stationary  -oil  alnost  -danclcal  co  cha  rotating 
winding.  When  cne  cvo  colls  are  In  chelr  closest 
proxiaicy,  che  stationary  coll  counteracts  che 


Inductance  of  cha  rotating  coll,  reducing  It  co  a 
lull  fraction  of  Its  normal  value.  At  this 
Instant,  a  vary  lnceaae  pulso  Is  generated;  afcac 
cha  pulse,  cha  inductance  again  rises  to  lcs  ori¬ 
ginal  value. * 

Daaltn  Phlloaophv 

Tha  daak  aodal  coapulsacor,  Intended  aa  a  portable 
daaonacradon  device,  la  designed  co  oparaca  from 
a  120  Vac  vail  outlet.  Tha  aotoring  system  and 
magnetic  circuit  of  cha  aachlna  are  sired  accord¬ 
ingly. 

Rotor 

Tha  rotor  consists  of  6.99  ca  outer  dloaaccr  ring- 
type  laminations  shrunk  fit  onto  a  2.36  cm  dlaaecer 
stainless  steal  shaft.  In  addition  to  che  shrink 
fit,  the  laminations  are  compressed  axially  by 
stainless  steal  nuts  on  each  and  of  che  shaft. 
Attached  co  che  O.D.  of  che  laminations,  cha  tocacing 
coll  is  wound  In  a  serpentina  like  shape  (Figure 
1).  The  coil  conductors  are  stranded  and  trans¬ 
posed  (Lies)  wire  used  co  reduce  che  losses  associa¬ 
ted  with  akin  and  proximity  effaces.  The  shaft  is 
supported  both  radially  and  axially  by  ball-bearing 
units  press  fitted  onco  each  of  its  ends. 

The  limiting  speed  of  che  aachine  Is  determined  by 
che  rotor's  first  critical  frequency.  For  a  worst 
case  assumption,  che  shaft  alone  is  assumed  co 
provide  che  rotor's  stiffness  (additional  sciffncss 
is  expected  froa  the  compressed  laminations) .  The 
resulting  rotor  stiffness  is  3.713  x  10°  Me /a.  The 
ball  bearings  are  supported  by  an  aluainua  structure 
bolted  co  the  coapulsacor' s  cuccr  housing  (back 
iron) ;  che  bearing  support  stiffness  in  its  weakest 
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Figure  1:  Desk  Model  Compulsator 


mode  li  9.19  *  10  Nc/a.  Th«  effe ctlve  spring  con¬ 
stant  is: 

K-lw  , 

X«f£  “  F~+7  *  3*569  x  10  Nc/" 

a  Tv 

(2.038  x  10A  lb/in.)  (1) 

where  Kg  is  the  bearing  Support  stiffness  sad 
is  chc  rotor  stiffness.  The  first  critical 
frequency  is  then: 

Keff  1/2 

u.  -  (-*  ■)  »  738  rad/sec  (2) 

1  My 

vhere  M_  la  the  coabined  shaft  and  rotor  mass. 
Magnetic  Clrcui t 

The  magnetic  circuit  of  the  desk  aodel  compulsator 
is  designed  to  operate  at  a  flux  density  of  1.5  T. 
Because  the  nachine  is  to  operate  froa  a  120  Vac 
wall  outlet  and  be  portable,  this  is  the  highest 


field  attainable.  The  aagnetic  air  gap  between  the 
rotor  laminations  and  each  of  the  four  poles  is 
0.511  ca.  The  number  of  aapere-curas  required  to 
give  the  desired  flux  density  in  chc  gap  is  (assua- 
lng  no  losses  in  the  back  iron): 

N»  “  “  6.096  x  102  Aapere-tums 

*C  U0 

vhere  S  is  the  aagnetic  flux  density,  g  is  the 
aagnetic  air  gap,  and  uQ  is  the  aagnetic  perme¬ 
ability  of  air. 

The  field  coils  are  wound  froa  No.  13  copper  magnet 
wire  in  a  conical  shape  around  the  poles  (Figure  1). 
For  a  single  field  coil  of  462  turns,  the  current 
required  is  13.19  laps.  The  corresponding  length 
of  the  coil  it  302.3  a.  The  coll  resistance  is 
given  by: 


2.03  ohas 


(3) 
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uh«rt  0  1*  the  electrical  resistivity  of  copper, 
l.  is  the  length  of  the  wire  la  the  coll,  end  A  1* 

SC 

the  cross-sections],  tree  of  the  wire.  The  four 
field  coll*'  voltage  end  power  requirements  ere: 


V{c  “  Voles 

<0 

?fc  "  ^fAc  "  1413  UACt» 

<5) 

where  1^  is  che  field  coil  current. 

Mote  thee 

the  voltage  1*  euch  thee  It  can  be  conveniently 
provided  by  e  full-bridge  rectifier  using  e  120  Vec 
outlet. 

The  tenpereture  rite  la  obtained  by  assuming  that 
all  the  power  inpuc  reaulta  in  heating  of  the  coil 
wire.  For  60  aecond  operation,  the  temperature 
rise  is: 

f£e 

ai  -  -  7.3‘C  (6) 

.'eCP 

where  M.  Is  the  aass  of  the  coil,  C  is  the 
«c  p 

specific  heat  of  copper,  and  at  Is  the  period  of 
operation. 

This  is  a  conservative  coil  design  in  teres  of 
tesperature  rise,  since  the  desk  aodel  will  be 
used  only  for  intermittent  duty. 

Motoring 

Tie  desk  model  is  driven  by  a  0.75  kW  (1  hp) 
universal  motor.  The  sotor  Is  directly  coupled  co 
the  cocpulsator's  shaft  by  a  high-speed  flexible 
coupling.  Speed  variation  is  accoapiished  by  an 
electronic  speed  control,  peralcting  a  wide  range 
of  operating  speeds  and  the  flexibility  co  adjust 
to  differing  loads. 

3rushes 

This  nachlne  uses  solid  brushes  mede  of  copper- 
graphite,  chosen  because  of  low  voltage  drop,  as 
well  as  friction,  heating,  and  wear  considerations. 
The  contact  area  of  the  brushes  Is  such  that  the 
resulting  current  densities  present  no  difficulties. 

The  brush  arrangement  consists  of  four  1.27  c= 


square  brushes  at  each  end  of  che  rotor  (Figure  1). 
Tho  brushes  ride  on  slip  rings  which  are  aounced 
on  top  of  the  nuts  used  for  compressing  the  lamin¬ 
ations.  The  brushes  arc  spring  loaded  onto  che  slip 
rings,  che  spring  force  provided  by  a  cantilevered 
scrap  that  also  serves  to  carry  the  discharge 
current  out  from  che  machine. 


Electrical  Performance 

The  desk  aodel  coapulsacor  has  the  following 
electrical  characteristics  at  an  lntersedlate 
operating  speed  of  565  rad/sec: 


Inertial  Energy  Scored 
Peak  Terminal  Voltage 
Peak  Current 
Armature  Resistance 
Minimum  Armature  Inductance 
Inductance  Variation 


600  joules 
200  volts 
500  amps 
320  a C, 

3.6  uH 
1.45:1 


Predicted  performance  into  a  three  circuit  flash- 
lamp  load  as  well  as  short  circuit  current 
characteristics  are  shown  in  Figure  2.  The  plots 


Figure  2:  Desk  Model  Predicted  Performance 


shown  are  for  simplified  flashlanp  circuits  -sing 
ideal  switches  at  a  machine  speed  of  565  rad/sec. 
Trigger  and  start-up  are  accomplished  by  meehods 


A  wrs 


£01 


discussed  In  reference  3. 

The  curve*  indicate  little  flux  coapreeslon  effect 
in  the  desk  model.  this  is  a  consequence  of  sealing 
down  froa  the  Ui|«:  diameter  machine;  that  la, 
flux  coapresslon  improves  wieh  cha  Incraaaa  lr. 
machine  diameter. 

Additional  information  concerning  fundamental 
limitations  and  load  application*  of  coapulsators  can 
ba  found  In  reference*  3,  4,  and  3. 

fabrication  and  Assembly 

Fabrication  and  assembly  of  cha  doth  modal  ara  sou 
underway  at  Tha  University  of  Texas. 

Tha  shaft  was  machlnad  froa  type  304  stainless  ataal 
bar  stock.  Ring  laminations  wars  purchaaad  froa 
Arnold  Engineering  Co.;  tha  inslda  diaactar  of  tha 
lasdnatlons  was  borad  to  cha  3.34  ca  shaft  diasMtar, 
and  cha  laminations  wars  shrunk  onto  cha  shaft. 

Tha  back  Iron  and  pole  assembly  was  manufactured 
froa  cold-rolled  steal  plates,  tha  1.905  ca  thick 
back  iron  plates  ware  aaseabled  to  form  a  21.59  ca 
square  scructura  20.96  ca  long.  Four  3.11  ca  pole 
places  vara  chan  fascanad  to  cha  inside  of  the 
back  iron  structure. 

The  field  coils  will  be  wound  from  No.  13  magnet  wire 
around  each  of  cha  four  polar.  Epoxy  is  to  ba 
applied  to  tha  coils  after  each  layer  of  wire  is 
wound,  so  that  the  field  coils  form  spool-type  units. 
In  addition,  the  colls  can  ba  removtd  from  cha  poles 
should  repairs  bacoaa  necessary. 

Additional  preparations  for  tha  desk  modal  will 
Include  winding  boch  the  rotor  and  coapensating 
stator  coils,  fabricating  cha  brush  sac-up,  and 
oanufacturing  cha  bearing  supports. 

Testing 

After  assesbly  has  been  conpleced,  the  desk  model 
coapulsator  will  be  thoroughly  tasted.  Some  of  the 
cescing  prograa's  objectives  will  Include: 


a)  expariaencally  verifying  che  basic  aachlne 
constants, 

b)  comparison  of  actual  machine  performance 
to  predicted  values, 

c)  attempting  co  mlnialse  cha  various  sources 
of  mechanical  and  electrical  losses,  and 

d)  determining  machine  efficiency  in  various 
modes  of  operation. 


The  desk  model  compulaator  research  project  is 
funded  by  tavrence  Livermore  Laboratory,  che 
U.  S.  Department  of  Energy,  and  the  Texas  Atonic 
Energy  Research  Foundation. 
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model  t  rioting  volume  o £  *  compressed  M(- 
C'Vic  fleH  3<c^.",tor  pul  eel  power  eye  tea  co  Ice 
elc  -.-U.  *.  C\*S$*rt  le  developed.  This  systems 

xiic)  iacluflpa  »nrgy  Easley  mu'.  —  power  lent  Icy 
models  of  the  electronic  co«yon«u  t  and  a  CMF  |*n- 
eracor  model  whiii  hex  been  con;Jr*«-  experimentally 
for  eyecea  output  eeer|laa  up  co  5000  joulae.  For 
a  |iven  output  energy  there  exiaca  an  opeiaua 
(election  of  the  pulsed  power  coaponeota  to  give  an 
overall  xialaua  ayatea  volume.  U.-vder  opeiaua 
cool  it  lone  the  volume  of  the  tiff  i^ji.acor  ia  «.sv. 
to  one-half  of  the  overall  ayatea  volume  and  the 
overall  ayatea  volume  incraaaea  with  the  one-half 
power  of  the  ayaceae  output  energy.  Xn  am  all 
electronic  ayatea  there  ia  a  linear  relationahlp 
between  ayatea  volume  and  output  energy. 

Description  of  CMF  $yatea 

.V  Off  generator  say  be  employed  aa  am  electrical 
energy  amplifier.  Energy  stored  in  the  explosive 
of  an  araacure  ia  converted  into  electrical  energy 
through  a  sagnecic  field  compression  process.  This 
results  in  an  output  electrical  energy  several 
ciaes  greater  than  the  initial  electrical  "injec¬ 
tion"  energy  supplied  to  the  generator.  The  physics 
of  operation  of  C.F  generators  are  well  understood 
in  a  qualitative  sense  and  significant  progress  has 
been  =ade  in  recent  years  coward  developing  improved 
quantitative  models^. 

The  overall  CiF  generator  pulsed  power  syscea  con¬ 
sidered  for  these  studies  is  shown  in  seheaacic- 
block  dlagraa  fora  in  Fig.  1.  The  battery  supplies 
a  low  voltage  (tens  of  volts)  input  chat  is  con¬ 
verted  co  the  Scilovolc  range,  by  the  dc-dc  converters. 
The  output  iron  the  converters  is  used  co  charge  a 


capacitor.  Uhan  the  capacitor  la  charged,  t^O 
switch  la  triggered  and  the  capacitor  dl- :ha?g«.* 
into  the  coll  of  the  CMF  geaeracor.  Vhen  the  •nt'JtAt 
ia  the  CMF  generator  coil  reaches  a  aaxlarae  va.*u4 
the  explosive  ia  the  CMF  armature  ia  detonated  and 
the  electrical  energy  amplification  process  is 
initiated. 


Fig.  1:  CMF  Ceneracor  Pulsed  Power  Syscea  That  Is 
Utilised  For  Syscea  Opcialtacion  Studies. 

Component  Volume  Scaling 

A.  Sectary 

The  volume  of  a  battery  operating  in  the  tens  co 
several  hundred  watts  range  of  ouepue  power  scales 
roughly  with  the  output  energy  of  the  bate try 7. 

Thus, 

Vb-Vb  ■ 

where  ia  the  battery  voluae,  £(,  is  the  electrical 

output  energy  of  the  battery  and  iq>,  che  scaling 

-3  3 

coefficient,  is  rcughly  10  cm  /joule. 

3.  Converter  and  Regulation  Electronics 
Experience  by  dc-dc  converter  developers  hM  shown 
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that  ds-de  converter  volume  icilti  linearly  with 
output  power,  or  k  E 

\~f*  ■ 

where  V  1«  the  volume  of  th«  dc-dc  converter  and 
regulation  electronics,  E#  Is  the  output  clectrleal 
energy  of  the  converters,  r  Is  the  else  required  to 
charge  the  energy  storage  capacitor  and  k  Is  the 

j  * 

sealing  coefficient  .  A  significant  range  of  values 
of  k^  say  he  obtained  depending  upon  regulation  and 
reliability  requirements,  technology  choices  and 
operating  life.  For  these  studies  the  range 


cm 


<  k  <  20 


ca 


vatt  -  e  -  vac 


is  selected. 

The  efficiency  of  de-dc  converters  may  range  froa 
202  to  902  depending  upon  the  type  of  converter 
design.  An  efficiency  factor,  is  defined  such 
that 


*.-«A  • 

C.  Energy  Storage  Capacitor 
Once  one  chooses  the  dielectric  material  of  a 
capacitor,  an  upper  Halt  is  obtained  for  the  aaxi- 
aum  electric  field  at  which  the  capacitor  may  be 
operated,  l.e.,  the  breakdown  field  of  the  dielec¬ 
tric.  The  permittivity  is  also  fixed.  Thus  an 
upper  llaic  is  obtained  for  the  energy  density  of  a 
capacitor.  In  practice,  capacitors  are  operated 
at  electric  field  values  much  less  than  the  break¬ 
down  strength  of  the  dielectric.  One  accepted 
practice  is  to  determine  the  average  breakdown 
voltage  and  the  standard  deviation  of  the  breakdown 
voltage  of  a  large  nuaber  of  capacitors  and  limit 
the  operation  of  the  capacitor  to  voltages  that  are 
four  standard  deviations  below  the  average  break¬ 
down  voltage.  This  operational  practice  results  in 
capacitors  that  are  extremely  reliable;  however, 
their  energy  density  is  auch  less  than  that  suggested 
by  the  breakdown  field  of  the  dielectric. 


Ue  nodel  the  capacitor  voluae  as 


V 

c 


Ye 


where  Vc  is  the  capacitor  voluae  and  k£  is  the 
scaling  coefficient.  Eaploylng  the  high  reliability 
design  approach  as  outlined  above,  designing  the 


capacitor  to  maintain  this  reliability  over  a  broad 
tenperature  range  and  maintaining  a  high  pulse  life 
results  in  values  for  k^  of  0.0b  Joules/em3  for  dry 
sylar  and  mica  paper  capacitors.  It  has  been 
demonstrated  that  the  energy  density  of  mylar  energy 
storage  capacitors  aay  increase  to  values  as  high  as 
0.3  Joule/ea3  by  flooding  the  mylar  with  Fluorinert. 
Refinement  of  this  design  aethod  could  result  in 
energy  storage  capacitors  whose  energy  density  is 
ss  high  as  1  Joule/cm3  without  diminishing  reli¬ 
ability,  teaperature  range  or  pulse  life  capabili¬ 
ties^.  Hence, 

lb  ca3 /Joule  >  kc  >  3  ca3/Joule 
with  potential  for  obtaining  «  1  cs3/JOul*. 

0.  Swlceh  and  CSff  Coll  Xealatance  Losses 
When  the  switch  is  triggered  end  the  energy  storage 
capacitor  is  discharged  into  the  Off  generator  coil, 
energy  is  lost  to  joule  heating  In  the  switch  and 
coll.  Hence, 


where  E^  is  the  initial  magnetic  field  energy  in 
the  generator  and  is  tha  electric  field  to 
magnetic  field  conversion  efficiency.  For  most 
cases  of  practical  interest 

0.9  >  <t  >  0.7  . 

E.  Off  Ceneracor 

Ue  have  found  by  eapirlcal  methods  that  helical  OIF 
generators  have  an  energy  gain  per  unit  volume  that 
ia  independent  of  their  volume3.  That  is 


"i* 


Ye 


where  Eqs  is  the  output  electrical  energy  of  the 

generator,  V  is  the  generator  volume  and  k  is  the 
S  o 

generator  scaling  constant.  This  model  ves  arrived 

at  by  observing  decs  obtained  from  several  generator 

designs  whose  output  energy  ranged  froa  50  joules  to 

5000  Joults.  Validity  of  the  model  above  5000  joules 

output  energy  cannot  be  claimed  because  of  lack  of 

experimental  data.  Furthermore,  it  is  clear  that 

at  values  of  output  energy  in  the  segajoule  region 

this  scaling  is  not  valid  because  the  electrical 

output  of  the  generator  vould  exceed  the  energy 

scored  in  the  armature's  explosive. 


Our  experiment*  demonstrate  chic  k^  Ha*  a  rang*  of 
valu «< 

0.04/c*3  «  fc  <  0.08/c*3 

over  a  broad  rang*  of  load  inductance  value*  and 
injection  currant*  o;  injaction  energy. 

System*  iiodel 

The  total  volume,  V  ,  of  tha  pulsed  power  system 
1*  tha  sum  of  tha  volume*  of  tha  component*  or 


I* 


V.  *■  V  +  V  +  V 

b  a  c  g 


vhara  v*  Hava  Ignored:  (1)  tha  circuit  that  deto- 
nacaa  tha  explosive  armature,  (2)  tha  triggar 
circuit  for  tha  twitch,  and  <3)  tha  twitch.  Pack¬ 
aging  factor*  of  individual  components  art  not 
included. 

Fre*  tha  tcaling  definition*  it  it  etty  to  show 

VfcfrkK*HI- 


Invatcigacion  of  chit  equation  for  tha  rtoga  of 
tcaling  coafficlant*  shout  chat 


or  tha  battary  volume  and  tha  afficianey  of  tha 
dc-dc  convartar*  do  not  inpact  tha  ovarall  system 
voluaa;  charafora.  thi*  can  1*  ignored  in  further 
calculation*. 


One  say  note  that  the  voluaa  of  an  all  electronic 
ayttaa,  V^,  or  tha  *y*c*a  with  tha  CiF  ganerttor 
allsinated  it 

or  a  linear  relationship  exists  baevaan  output 
energy  and  system  voluaa. 


The  valu*  of  E  that  reaulta  in  slninua  CiF  syttes 
volusa  for  a  given  systea  output  energy  say  ba 
obtained  by  talcing  tha  partial  derivative  of  tha 
vo lure  aquation  with  respect  to  t  and  setting  the 
result  equal  to  tero.  This  give* 


where  the  asterisks  denote  ainisus  voluse  condi¬ 
tions.  Under  these  conditions  the  voluse  of  tha 
CiF  generator  is  exactly  equal  to  one-holi  the 


overall  systea  voluse.  This  general  relationship 
for  CiF  generator  pulsed  power  sources  has  been 
observed  by  others^. 

The  sensitivities  of  the  voluse*  of  tha  CiF 
generator  and  tha  ovarall  CiF  sysces  to  optimum 
Selection  of  eosponant*  *c*  illustrated  in  Fig.  2 
for  an  output  energy  of  5000  Joule*.  Theta  data 

are  bated  upon:  k  •  10  ca3/v*cc,  k  *  0.01/cm3, 

3  *  * 

kfi  -  16  ca  /Joule,  *  0.3  and  t  -  1  second. 


Fig.  2:  Sensitivity  of  CiF  Generator  Systea  Voluse 
and  CiF  Generator  Voluaa  to  Gpciaua  Choice 
of  Coaponencs  for  a  5000  Joule  Systea 
Output. 

Note  that  the  volts*  of  tha  systea  is  not  signifi¬ 
cantly  affected  by  a  range  of  capacitor  energy 
between  60  Joules  and  100  Joules.  However  in  this 
energy  range  there  is  a  draatclc  variation  in  CiF 
generator  voluaa. 

The  voluaa*  of  each,  of  the  cosponcnts  are  shown  as 
a  function  of  output  energy  in  Fig.  3.  The  scaling 
coefficients  ere  identical  to  those  used  for  rig.  2. 
The  voluse  of  an  all  electronic  syscea  over  this 
energy  range  is  also  Included  for  cosparison 
purposes.  The  sealing  coefficients  of  the  elec¬ 
tronics  are  identical  co  chose  used  for  the  CiF 
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ij'itta. 


Fig.  3:  Volumes  of  Electronic  and  Optli wily 

Designed  cxr  Generator  Pulsed  Power  Syscox* 
a*  a  Function  of  Output  Energy.  The  Energy 
Dependence  o!  the  OIF  Syntax  Components 
arc  Compared.  The  Char|*  Tiaut  of  tha 
Capacitor  ia  Takan  aa  1  Second. 

Tha  comparison  between  tha  CXF  system  and  tha  alac- 
tronlc*  system  ahoun  in  Fig.  3  rapraaanta  ona 
axtrana  thct  ia  xost  favorabl*  to  tha  Off  ayatan. 

Tha  other  axtrana  that  aakas  tha  alactronica  ayatan 
■ora  favorahla  ia  shown  in  Fig.  4. 


Xa  thia  caa*  tha  scaling  coafficianta  arc  taken  aa: 

k  -  5  e»3/wctc,  k.  -  0.04/ea3,  k  -  1  es3/Jcul*. 

<  *  * 

«  O.S  and  r  -  10  aaeonda,  or  tha  system  esploy 

tha  aoat  advanced  povtr  alactronica  technology  end 

a  conservative  OiF  generator  datlgn. 

Othar  calculation*  llluatratc  that  the  volume  of  Chi 
CMP’ayttex  i*  inacnaltlva  to  capacitor  charging  time* 
great «r  than  5  a*eondt. 
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Fig.  4:  Coaparison  of  Voluaes  of  CfT  and  Electronic 
Pulsed  Power  Systeas  as  a  Function  of  Output 
Energy.  The  Capacitor  charge  else  1*  10 
Seconds  and  Opcialscic  Scaling  Coefficients 
were  Selected  for  the  Electronics. 
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Air  Tare*  JUn  Propulsion  laboratory 
•rfi!::-7*«ir«s  Air  Fere*  !<u,  Thio  1$!>22 


Abstritt 

Thii  fiftr  <!«urib<«  the  application  of  subsyste* 
rasw;  algorithms  far  i«if-ccnt»in«d  p«v«r  in'.ta 
configuration  trade-off  studies,  and  ;n««su  the 
results  cf  a  recently  completed  study.  The  devel¬ 
opment  of  summary  weight  algorithm*  for  rocket 
turbine*  and  rotating  «Ue:r!ul  generator*  Is 
described.  e.tit  s*v  algorithms  are  combined  with 
previously  developed  fcv»r  conditioning  sifbsystea 
algorithm*  is  a  computer  program  to  automatically 
study  various  system  configuration*.  A  fjev  chart 
ef  ah*  computer  program  is  included  in  ah*  paper. 
»m?  » i  r  jrc(r«  vu  use d  to  find  x  minimum 
weight  self-contained  power  system.  Result*  of 
th*  study  ire  presented  is  this  peper. 

finputir  aided  design  hi*  long  teen  rtccgnlted  a* 

9  :*st  affective  technique  for  determining  cptien- 
a.  designs  sf  ccmpcnents  and  subsystem*.  the  Air 
r,:rti  A*ro  Frcpuisicn  laboratory  is  committed  to 
Computer  lidsd  design  techniques  fer 
the  optimised  design  if  complete  sel  f  ecr.tiistd 
-over  systems.  A  three  concept  he*  teen 
adopted:  determination  of  system  feasibility, 

It tailed  r-npenent  design ,  ir.d  dynamic  system 
(imitation. 

«;r.(s  feasibility  ia  determined  by  th«  uae  of 
summary  algorithms  representing  each  component  of 
the  system.  these  algorithm*  reiate  etch  cespcn- 
veigr.t  wi  veins*  to  the  operating  para¬ 
meters  that  nest  affett  each.  The  operating  para¬ 
meters  are  iterated  thresh  rather  broad  rashes 
•mil.  a  resainatitn  of  components  netting  the 
istirac  system  requirement!  is  found.  After  a 


tenil nation  ha*  bets  found ,  the  operating  para¬ 
meters  of  that  combination  are  converted  to 
component  design  specification*. 

The  component  design  specification*  ire  aotesati- 
caiiy  fed  to  detailed  component  d**ign  computer 
prograa*.  Th*te  program*  enough  detail 

to  completely  specify  the  detigs  Of  components 
such  as  generators,  transformers,  turbines,  and 
rectifiers.  The  cooling  requirement*  of  each 
component  are  specified,  hut  the  total  cooling 
system  is  designed  is  part  of  a  dynamic  simulation 
package.  The  final  step  is  the  componcst  design 
process  is  calculation  of  the  matrix  coefficients 
required  for  the  dynamic  simulation. 

The  saatrix  coefficient*  are  automatically  fed  to 
dynamic  simulation  programs  vfeich  fully  simulate 
the  electrical  and  thermal  performance  of  the 
Ir.tercc.-.-.ected  components.  A  main  emphasis  of 
(he  electrical  simulation  is  voltage  and  current 
transients.  V*ser*  is  also  a  capability  to  adjust 
control  yhilcsoy,  lea  in  so  attempt  to  minimise 
transients.  Tata  from  the  thermal  simulation  1: 
retained  as  an  operating  profile  fr«  which  the 
ceding  system  is  designed. 

This  paper  discusses  the  summary  algorithms  used 
to  determine  system  feasibility.  Algorithm 
development  is  described.  A  computer  program  that 
combines  the  algorithms  and  calculates  system 
weight  ia  discussed,  and  the  results  of  a  sample 
system  study  are  presented. 

Algorithm  levelonment 

A  summary  algorithm  describes  the  weight  or  volume 
of  a  component  as  a  function  of  those  operating, 
or  design,  parameters  that  affect  the  weight  or 
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volume.  Examples  of  fircswrs  ««  iff*::  veignt 
and  vsiune  or*  y«v*r  level,  veitagi,  and  frtquetity. 
tic.*v  algorithm  is  normally  valid  for  only  a  narrev 
range  of  parameter  values,  ctthervlst  accuracy  is 
sacrificed. 


Uii  used  :s  develop  the  sumary  algorithms  is 
generated  from  the  detailed  design  computer  pro- 
grass.  7h*  daiigr.  progress  ara  used  so  product 
numerous  designs  vithln  she  parameter  rargts  of 
interest.  The  data  fres  chase  designs  is  organi¬ 
sed  such  UK  scandard  curve  fleeing  techniques 
can  he  used  co  farm  eht  algorithm;,.  Algorithms 
developed  eo  dace  use  simple  logariehsic  curves; 
J.avmr,  techniques  for  using  higher  order  poly¬ 
nomial  curve  fleelag  art  being  istplesenced. 

'vo  examples  of  submit  algoriehsa  ara  liaead 
here  for  completeness.  The  firae  vas  derived  fres 
6$  daeallad  turbine  system  designs  using  a  slxeura 
Of  liquid  oxygen  and  liquid  hydrogen  aa  eha  fuel. 
This  algorithm  includes  tankage,  gas  ganaraeor, 
pwpa,  gearboxes,  and  eha  eurbina. 

wains  sis  weight  -  6991  (.262  *  .725 

*  (1-5  -  5  (I^or”5)  *  l-2Ss  4  -73S  (1C^)} 
x  5.952b  -  .0176  (j§))  133. 

There:  H?  ■  eurbina  chafe  horsepower 

HFX  ■  eurbina  share  ipeed 
7  ■  eoeal  run  else  (Sac.) 

}!S  ■  nunsar  of  scarce  during  7 


The  seccnd  algoriehs  is  f  Che  specific  veight  of 
ccsvenelcnal  round  roeor  alee  maters .  This 
algoriehs  vas  derived  frea  77  deeailed  designs. 


I2S/KV  -  .157  (1.58  -  .26  (|)‘t‘,‘S) 
(-.06  *  1.05  (vf~)-6205J 


(.8567 


'HOCO' 
.1132  (|)I 


'■here:  ?  ■  pever  ouepue  (W) 

H?M  ■  rotor  speed 
V  ■  eemin.il  voltage  (XV.  . ) 


Tevclorscr.t  of  Computer  Prcrraa 
A  cospueer  pregras  chat  automatically  arranges  the 

sumary  algoriehss  into  possible  systes  configura¬ 
tions  v&s  developed  for  the  study  reported  in  this 
paper.  Of  particular  isporeance  in  a  study  such 


aa  this  is  the  propagation  cf  lr.efficlr-.cles 
through  the  systes.  The  program  suae  recognise 
that  eht  input  fever  desanded  by  a  component  is 
that  eespenene's  ouepue  pever  plus  the  pover  icse 
eo  inefficiencies  uiebir.  the  ccspcnene.  Figure  1 
is  a  fiou  eh are  of  the  sespueer  prcgrss  as  it 
presently  exists. 

Results  of  System  Stuiv 

A  study  vas  sade  to  find  the  ligneese  systes  Con¬ 
figuration  that  satisfies  the  following 
conditions: 

>!ilr.  Fever  -  5  X«  eltctrict- 
Aux.  Pcvtr  -  .5  W  electrical 
Voltage  -  105  KVTC  -  loO  T.75 
Sun  ?ise  -  50C  sec.  -  1*00  see. 

The  three  pover  sources  considered  vere  fuel 
cells,  eurhint  vieh  convene!  nai  alternator,  snd 
turbine  vith  persantnt  sagr.ee  alternator.  Fever 
conditioning  c exponents  ccsaidcred  included  trar.s- 
forsers,  rectificra,  and  inverters.  Figures  5 
and  3  depict  the  possible  system  configurations 
that  sett  the  requirements.  There  are  nine 
possible  ccsblnatlcns  of  ccsponencs,  as  listed  in 
Table  1. 

The  object  of  the  study  vas  to  find  the  lightest 
weight  systes  fros  those  of  Table  1.  5ir.ee  the 
computer  suae  use  efficiencies,  tr.e  felioving 
efficiencies  vere  assisted: 

Filters  -  99.95 
Rectifiers  -  955 
Trans  formers  -  975 
Inverters  -  855 
Alternators  -  955 

The  pover  levels  and  voltage  ranges  are  fixed; 
therefore,  the  variables  include  turbine  alterna¬ 
tor  speeds  and  inverter  frequencies.  Figures  •* 
thru  7  sbov  results  cf  the  study.  The  sinisus 
veight  systes,  fres  Figure  5.  is  a  turbine  driven 
persanent  sagnet  alternator  vith  rrar.sformer/rec- 
tifier  pover  conditioners  in  both  pover  channels. 
The  alternator  frequency  is  2.2  XHZ.  Figure  o 
indicates  that  a  1005  variation  of  the  inverter 
frequency  causes  less  than  100  pounds  difference 
in  the  veigbts  of  system  7,  8,  and  9.  Figure  " 
indicates  negligible  inpact  on  systes  veight  for 
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Abstract 

We  have  davalopad  a  new  computerized 
dlagnoatic  system  for  high  voltage,  high  currant 
puiaara.  This  diagnostic  system  uaaa  electronic 
circuit*  connactad  to  nanosecond  response 
transducara  »  measure  mechine  performance  at 
critical  points.  The  voltage  outputs  of  the** 
circuits  ara  converted  to  digital  fora  and 
diractly  raad  by  a  computer,  The  major  advantages 
of  this  syseasi  art  cost  effectiveness  and  greatsr 
accuracy  than  commonly  usad  oscilloscope  or 
eransianc  analyear  systems  in  applications  vhar* 
it  is  not  nacasaary  to  record  full  analog 
diagnostic  waveforms.  Opaxation  is  fully 
computerized  ar.d  requires  a  minimum  number  of 
personnel;  the  system  is  scalabla  to  vary  large 
culti-aodulo  generators. 

Historically,  pulsed  accelerators  have  bean 
diagnosed  by  placing  a  sensor  in  an  accelerator, 
connecting  the  sensor  to  a  cathode  ray 
oscilloscope  by  a  coaxial  cable,  and  photographing 
the  resulting  waveform.  The  data  vara  reduced  by 
securing  key  amplitudes  or  times,  or  by  manually 
digitizing  tha  photograph.  Although  computerized 
digitizers  ar.d  waveform  analyzers  ware  an  lapro va¬ 
riant,  they  basically  ware  still  tha  same  as  oscil¬ 
loscopes.  but  read  out  digitally.  These  methods 
were  adequate  when  pulsars  consisted  of  only  a  few 
nodules  with  single  switches.  Tha  currant  trend 
is  toward  vary  large  pulsars  with  multiple 
switches  or  toward  machines  with  aany 
modules.  ''  On  these  newer  oachir.es  the 
requirements  for  synchronous  operation  are  con¬ 
siderably  more  severe,  and  the  number  of  channel! 
for  diagnostics  oust  be  fax  greater  th*n 
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previously  used.  The  use  of  oscilloscopes  or 
trsnsient  analyzers  would  be  very  costly  on  these 
large  systeaa  and  would  provide  an  unmanageable 
mountain  of  data  to  analyze. 

For  these  reasons,  w«  have  developed  a  new 
coeputerired  diagnostic  system  for  the  pulser 
modules  on  one  such  large  system,  the  eodular 
bramsatrehlung  source  (.MSS).  This  diagnostic 
system  uses  electronic  circuits  to  measure  machine 
performance  at  critical  points.  The  voltage 
outputs  of  these  circuits  are  converted  to  digital 
form  and  directly  read  by  a  aomputar.  The  major 
advantages  of  this  system  arei 

1.  A  single  data  channel  can  be  completely 
implemented  for  about  $300  compared  with 

~  $20  K  fur  a  transient  analyser. 

2.  Tha  system  is  more  accurate  chan  an 
oscilloscope  or  transient  anclyzer. 

3.  Operation  la  fully  computerized  and  re¬ 
quires  a  minimus  number  of  personnel  to 
operate. 

4.  The  system  is  scalable  to  very  large 
multi-nodule  generators. 

The  approach  used  was  to  locate  areas  where 
problems  could  occur  in  the  MBS  modules  end  place 
appropriate  nanosecond  response  transducers,  such 
as  voltage  and  current  sensors,  at  these 
locations.  These  sensors  are  connected  to 
circuit*  that  will  record  and  hold  the  £*irae«cor 
we  are  measuring,  such  as  da*,  a  peak  amplitude, 
or  an  integral  of  a  voltage.  The  data  are 
converted  to  digital  fora,  read,  and  processed  by 
a  digit*.!  computer. 

We  assembled  a  prototype  system  of  this  sort 
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tiling  cossMrelal  CAHAC4  aquipMant  and  tastad  it  on 
•na  ms  sodula  undar  davalopaant.  Additional 
diagnostic  systaa  data  wan  collactad  for  appro xi- 
nataly  two  Months  whlla  tha  diagnostic  systa*  ran 
automatically  tin  da  r  coaputar  control.  Ua  found 
that  by  using  good  grounding  and  shialding  each- 
nlquas,  wa  could  usa  convantional  inaxpansiva 
hardwirad  connections  to  transmit  fast  signals 
without  causing  spurious  rasponsas  or  daaaga  to 
tha  circuitry  or  coaputar. 

Tha  two  circuits  usad  wars  a  tlaa-to-digital 
convartar  and  a  gatad  charga  intagrating  sodula 
with  m  analog-to-digital  convartar. 

Spaclfications  for  tha  instruments  ara  shown  in 
Tabla  t.  Tha  aasanblad  system  is  shown  in 
Figura  1. 

Wa  will  illustrata  tha  oparatlon  of  tha 
system  with  data  from  savan  oonaacutiva  pulaas  on 
KBS  (Figura  2).  Thasa  savan  shots  wars  aalactad 
sir.ca  thay  show  two  distinct  dioda  impedance  con¬ 
ditions,  and  thraa  of  tha  shots  show  dioda 
insulator  flaahas.  Also,  photos  overlaying 


Figura  1  Frototypa  CAMAC  data  acquisition  system. 
Tabla  1 

COKVXKTZft  RESPONSE 
As  solution 


Davies 

Tima-to- 

Digltal 

Convartar 

An*  log- to - 

Digital 

Convartar 


11  bits  (1/2040 
50  PS.  100  PS 
or  250  PS  switcheble 

10  bits  (1/1024) 
(0.256  piooooulorh) 


Linearity* 

s  2  counts 
<»  0.14) 


0.254  s  : 
counts 
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oscilloscope  trace*  were  taken,  llluatrating  the 
Insulator  flashes. 


The  tibia  in  rigurc  2  shows  the  output  of  tha 
alactronlc  aanaora— the  elms  in  nanoseconds  if  tar 
tha  trigger  and  tha  integral  of  tha  pul  a  a  foe 
a  vary  traca  except  tha  pulse  charge.  Tha 
integrals  ara  in  arbitrary  units,  ainca  we  did  not 
fold  in  calibration  factors  on  tha  aanaora. 

Shota  704  and  707  ara  normal  shots  with  a  time 
apraad  of  1.5  to  2.0  na  batwaan  tha  pulsas.  Tha 
dioda  was  opanad  at  this  point  and  raadjuatad. 

Shota  701/  709,  and  710  ahov  an  insulator  flash  in 
tha  vicinity  of  currant  aonitor  a.  Shota  711  and 
712  ara  normal  shots  obtainad  at  a  slightly  higher 
dioda  Lapadanca. 

Salaw  the  tabulatad  data  ara  ovarlaya  of 
oscilloscope  tracaa  froa  pulaaa  709  through  712. 
Thars  is  littla  dlffaranca  batwaan  tha  tabulatad 
integrals  for  Vj^,,  V1#  and  V,.  At  first  glance, 
tha  oscilloacopa  tracaa  appaar  to  ba  froa  ona 
pulaa,  and  tha  daviation  on  tha  integrals  about 
1X2  parcant.  Tha  oscilloscope  photo  for  V?  ahowa 
thraa  distinct  traca*  having  tha  saaai  peak 
amplitude,  but  baginning  to  drop  to  tha  baaalina 
at  diffarant  times.  Tha  widar  traca  appears 
bcighvsr  and  la  probably  an  ovarlay  of  tracaa  ?11 
and  712.  Tha  intagrals  of  V„  on  ahots  709  and  710 
ara  Indaad  lowar  then  thoaa  on  ahots  711  and  712. 
I„  ,  tha  currant  on  ona-half  the  dioda  shows 
little  changa  both  on  tha  oacilloscopa  waveform* 
and  digital  outputsi  however,  shows  a  such 
enlarged  digital  output  on  shots  709  and  710.  Tha 
oscilloacopa  traces  ahov  ona  haavy  normal  traca 
which  is  an  ovarlay  of  pulsas  711  and  712  and  two 
lighter  tracaa  diverging  to  highar  aaplltudaa 
about  25  and  25  nanoaaoonds  into  tha  pulsa.  I_, 
the  current  aonitor  on  the  diode  past  the  diode 
insulator,  shows  a  drop  in  the  integral  of  tha 
current  on  pulses  709  and  710  froa  readings  on 
pulses  711  and  712,  indicating  a  loss  prior  to  the 
anode-cathode  gap.  The  Ic  waveform  shows  a 
bright,  high-amplitude  traca  representing  normal 


shots  711  and  712  and  two  distinct  shorter  lower- 
amplitude  pulses. 


The  radiation  diagnoatica  show 
correspondingly  low  outputs  on  pulsss  739  and 
710.  There  are  no  oscilloscope  traces  shown  for 
shots  704  and  707,  but  they  were  normal  ahots  with  , 
slightly  lower  mltaoe  aaplltudaa  as  ara  the 
digital  outputs.  This  condition  implies  a  lower 
ssan  voltage,  which  probably  caused  the  radiation 
outputs  to  be  12  percent  lower  than  on  shots  711 
and  712. 

Timing  and  synchronisation  of  sodulas  is 
Important  for  a  pulsar  such  as  hSX.  Ua  use  a 
*ti»a -to -digital*  converter  to  smasur*  tha  time 
between  the  trigger  pulse  and  the  output  pulse 
flowing  in  the  line  or  radiation  appearing  at  the 
target.  The  first  two  oalusna  of  Table  2  show  a 

Table  3 

MNUU3B  DATA  f  ACM  SHOT*  7C«  TO  713 

Deity.  Trigger  to  Vj 
_ »"«W99Mt) _ 

JUiUtlSfl 

TlM-to-Olgiul  Output 

S730A  Cowv«rt<r  tfu iv>f  con«U t 


tw*a  Tims  Delay 

11.31 

11.31 

111.7 

Staedere  Oevlatlcn 

1  23 

1,31 

1.31 

Variance 

1.3* 

1.3* 

1.17 

co opa risen  of  results  for  the  time  interval 
between  the  trigger  and  output  voltage  pulse  in 
the  line.  The  deviation  between  tha  measurements 
on  tha  two  detectors  is  a  few  tenths  of 
nanoseconds.  Thu  timing  data  on  voltage  and  radi¬ 
ation  outputs  follow,  a  further  check  on  our 
timing  methods  is  to  measure  the  difference  in 
time  between  Monitors  fixed  in  the  line  with  no 
intervening  switches.  The  standard  deviation  (3) 
between  pulse  arrival  time  at  v.  and  V. '  on  these 
seven  pulse*  was  3.122  ns.  Our  quantizing  error 
was  £  9.1  ns.  These  checks  are  stringent  tests, 
since  signals  actually  come  from  detectors  on  the 
pulser  and  are  passed  through  the  entire  signal 
handling  system. 
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ABSTRACT 

Hi*  uta  of  commercial  ac  circuit  breakers 
for  dc  twitching  operations  requires  chat  they  ba 
avaluacad  to  determine  chair  dc  limitations.  Two 
2.4-CVA  faclilclat  hava  baan  contcrucctd  and  uaad 
for  chit  purpose  ac  LASL  during  cha  late  tavarai 
years.  In  ratponta  to  tha  incraatad  demands  on 
twitching  cachnology.  a  33-CVA  facility  hat  baan 
constructed.  Koval  faacurat  lncorporacad  Into 
chit  facility  lnduda  (1)  aaparaca  capacltlva  and 
cryoganlc  lnducdva  anargy  ttoraga  systems,  (2) 
flbar-opdc  controli  and  optlcally-couplad  data 
links,  and  (3)  digital  data  acquisition  syscama. 
Facility  dacalla  and  plannad  caact  on  an 
experimental  rod-array  vacuus  intartupcar  ara 
presented. 

INTRODUCTION 

Since  1973  cha  Lot  Alaaoa  Sclanclflc 
Laboratory  (LASL)  hat  baan  conducting  experiments 
with  coomerical  ac  circuit  breakera  to  determine 
their  direct-current  raclagt  for  potential 
application  lit  various  fusion  devices. 
Particular  attention  has  been  paid  to  cha  vacuus 
lncercupcer  due  to  Its  low  coat,  mechanical 
simplicity,  and  its  ruggedneat.  Sacauta  of  these 
advantages,  fusion  experiments  such  at  Alcator, 
TFTR,  nnd  Doublet  III  uclllze  vacuum  lncertupcert 
In  their  switching  systems.  Interrupters  used  in 
both  TFTR  and  Doublet  III  require  current 
interruption  In  the  23  kA  to  30  kA  range  with  as¬ 


sociated  recovery  voltages  of  20  kV  to  23  kV. 
Preliminary  designs  for  larger  devices  •<>cl*  as 
ITT  Indlcar*  that  a  trend  towards  higher  currants 
may  ba  econoeilcal  If  low-cost  switching  syscaaa 
exist  that  can  satisfy  cha  Interruption  require¬ 
ments.  For  this  reason  a  facility  has  baan  con¬ 
structed  ac  LASL  which  Is  capable  of  evaluating 
circuit  breakers  for  application  in  tha  next 
generation  of  fusion  axparlmants. 

PRESENT  TEST  FACILITIES 

In  addition  to  cha  facility  discussed  In 
this  paper,  two  smaller  facilities  ara  presently 
usad  for  Intartupcar  casting.3  These  facilities 
ara  essentially  Identical  and  are  raced  at 
2.4  GVA  each.  They  can  ba  connactad  In  parallel 
for  high-current  tests,  or  operated  Independently 
for  tests  up  to  40  kA.  Tha  new  33-CVA  facility 
will  be  capable  of  tests  as  high  as  280  kA.  A 
summary  of  the  facilities  racings  is  given  In 
Table  I. 

TABLE  I. 


SUOiART  OF  FACILITIES  RATINGS 

FACILITY 
A  3  C 


Peak  power 

2.4 

2.4 

33.6 

Stored  energy  (kJ) 

430 

430 

2250 

Rated  current  (kA) 

40 

40 

280 

Max.  recovery  voltage  (kV) 

60 

60 

120 

Completion  dace 

1975 

1977 

1979 

'Industrial  Staff  Member  for  -es  doghouse 
Research  Laboratory 
Work  performed  under  the  auspices 
Department  of  Energy 
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FACILITY  DETAILS 


Energy  Storase  Svstaws,  The  facility  la 
unique  In  chic  it  hat  two  independent  prlaary 
energy  storage  ayt eea«  The  first  la  a  capacitive 
systca,  the  aecond  la  a  cryogenic  Inductor  sya- 
teo. 

The  capacitive  ayataa  contlata  of  aaven 
nodules,  each  containing  270  kJ  of  20  kV  capa- 
citora,  a  four-eegatnt  60-kA  Inductor,  two  inde¬ 
pendent  ahortlng  systeas,  fuaea,  and  aaaodatad 
hardware,  A  schematic  and  photograph  of  a 
atorage  nodule  are  ahown  In  Flga,  1  and  2, 

Current  la  initiated  in  Inductor  L,  and  the 
load  by  dlacharglng  capacitor  C  through  lgnltron 
Igj,  At  peak  current,  aelf-flrlng  lgnltrona  Ig2 
and  Igj  crowbar  the  capacitor  thereby  preventing 
uadllatlon*  The  current  trapped  in  the  Inductor 
now  aervee  aa  the  load  current  for  the  awltch 
under  teat. 

Figure  3  la  a  achanatlc  ahowlng  a  typical 
teat  circuit  which  uaea  theae  atorage  nodulaa. 
The  load  currant  aupplled  by  loductora  L  circu¬ 
late!  through  the  teat  breaker,  and  lta  aa- 
turable  reactor,  lSR‘  The  breaker  la  then 
opened,  A  counterpulse  iron  capacltora  C2  brlnga 
the  current  In  the  breaker  to  aero  where  It  In¬ 
terrupts,  The  residual  energy  In  L  la  transfer¬ 
red  to  C2,  generating  a  recovery  voltage  across 
the  test  breaker.  Figure  4  la  a  photograph  of 
the  seven  storage  nodules  during  construction. 


Fig,  1,  Capacitive  storage  nodule  schcaatlc* 


Fig,  2,  Capacitive  storage  nodule  photograph. 


MOOULES  TEST  MODULES 

Fig,  3,  Typical  teat  circuit  which  uses  storage 
nodules. 

The  second  energy  storage  systea  consists  of 
six  cryogenic  Inductors,  which  operate  In  a  li¬ 
quid  N2  bath  at  80  K«  Theae  are  charged  exter¬ 
nally  by  a  40-kA  12-V  power  supply,  A  test  cir¬ 
cuit  which  uses  this  schene  Is  shown  In  Fig,  5, 
This  test  circuit  Is  specifically  designed 
to  slaulate  the  higher  X^t  duty  seen  by  an  Inter¬ 
rupter  In  the  pololdal  field  coll  systen  of  a 
fusion  device.  In  this  circuit,  current  in 
cryo-inductor  L  and  test  breaker  is  reaped  up 
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»  TRIGCCR 


Rj* 20  HO 

ri|>  6.  Counterpulsa  nodule,  achaaatlc* 


Fig*  4.  Capactlve  storage  nodules  during  con¬ 
struction* 


Fig*  5*  Test  circulc  with  cryogenic  inductors* 

by  eh*  dc  povar  supply*  At  full  currant  che 
power  supply  la  turned  off  and  switch  closed* 
The  test  breaker  opens*  current  Is  coanucated, 
and  the  residual  energy  In  L  is  transferred  to  C 
as  In  the  previous  scheae  using  capacitive 
storage*  The  total  energy  In  this  sytea  Is  saall 
cocpared  to  the  capacitive  systea  and  will  only 
be  used  for  specialized  tests* 

Counterpulse  Svsttn.  The  counterpoise  sys- 
cca  used  ulth  either  storage  systea  consists  of 
six  nodules*  each  containing  300  uF  of  20-kV  cap¬ 
acitors*  Each  nodule  has  an  Independent  shorting 
svstea  and  start  lgnltron*  A  schenatlc  and 
photograph  are  shown  In  Figs*  6  and  7* 


Fig*  7*  Counterpulse  nodule  photograph. 


These  six  nodules  can  be  connected  in  a 
series,  a  series-parallel,  or  a  parallel  arrange- 
nene  depending  on  the  capacitance  and  recovery 
voltage  requirenents  for  a  particular  set  of 
tests.  Sj  represents  a  OFST  charging  switch  with 
150-kV  isolation  between  all  contacts.  This 
switch  allows  the  counterpoise  bank  to  be 
operated  as  a  Marx  generator  where  che  nodules 
are  charged  In  parallel  with  a  20-kV  power  supply 
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and  than  discharged  In  aarlaa  at  voltages  up  to 
120  kV.  Alio,  provisions  hava  been  made  on  aach 
counterpoise  modules  for  tha  connactlon  of  up  to 
300  UF  of  additional  capacitance.  This  “111  ba 
naeaaaary  in  cartaln  experiments,  auch  aa  aarly 
counterpoising,  which  require  an  unusually  larga 
countarpulaa  ban'*.  The  al*  countarpulaa  aodulaa 
arc  plcturad  in  Fig.  8. 

Control  Svatan.  Tha  control  ayataa  for  tha 
33-CVA  facility  la  a  hybrid  electrlcel-optlcal- 
pnataaatlc  ayataa  with  aaphaala  on  tha  optical 
aagaant.  Slow  coaaanda,  auch  aa  aborting 
switches,  Isolation  swltchaa,  and  pow«r  supply 
signals,  arc  tranaaittad  alaccrlcally  froa  tha 
aaln  control  station  to  a  aldstatlon  located  juat 
inside  tha  facility  doors.  Hare  they  are  con¬ 
verted  to  optical  signal*  which  branch  out  to  tha 
various  nodules.  At  tha  aodulas  these  optical 
signals  than  operate  electrical  and  pneumatic 
device*. 


Fig.  6.  Counterpulse  nodules  under  construction. 


All  fast  coesanda  for  triggering  Ignltrons 
and  breaker  actuator*  originate  at  tha  control 
•aln  station  from  a  fifteen-channel  digital  delay 
generator*  These  triggers  are  iaaediatcly  con¬ 
verted  to  optical  pulses  and  transsitttd  via 
fiber-optic  cables  to  high-voltage  pulsar*  or 
actuator  drivers  located  within  the  test 
facility.  Fower  supply  charging  voltages  and 
currents  are  converted  to  FK  signals  in  the  test 
facility  and  then  tranaaittad  optically  to  the 
aaln  control  station.  Here  they  are  demodulated 
and  used  to  operate  eater*.  This  Intense  use  of 
optical  signal*  In  high  aef  areas  1*  of  great 
benefit  in  the  avoidance  of  ground  loops  and  In 
the  protection  of  personnel  and  sentltlv*  control 
egulpoent. 

Data  Acquisition.  Voltage  and  current 
waveforaa  are  aaasured  by  voltage  divider*  and 
nonlnductlve  shunts  In  the  teat  facility  and  con¬ 
verted  to  analog  light  signals.  The  analog  light 
signals  are  cranmlttad  on  fiber-optic  cable*  to 
the  aaln  control  area  where  they  are  converted 
back  to  analog  electrical  signals.  These  signals 
arc  fed  into  digital  oscilloscopes  where  they  can 
be  viewed*  A  saall  coaputer  la  also  connected  to 
Che  oscilloscopes  and  is  capable  of  performing 
routine  data  analysis  as  *.’*11  as  scoring 
waveforaa  on  aagneclc  cape. 

PFCOHXHG  TESTS  OK  AH  EXTSKDiDiTAL  ROD-AKRAY 
VACUUM  IKTmWTEK 

The  first  breaker  testing  in  the  33-OVA 
facility  is  planned  for  Sapteaber,  1979.  The  In¬ 
terrupter  to  be  tested  is  an  experimental  inter¬ 
rupter  guide  by  Che  Ceneral  Electric  Conpany.  The 
device  Is  referred  to  as  a  rod-array  vacuum  in¬ 
terrupter  due  to  a  novel  internal  gcoaecry  and 
shown  promise  of  interrupting  unusually  large 
currents  because  of  Its  ability  to  nalntaln  a 
diffuse  arc. 11 

Figure  9  Is  a  general  schematic  of  the  cir¬ 
cuit  to  be  used  In  testing  this  interrupter. 
This  circuit  differs  from  the  standard  circuit  of 
Fig.  3  in  that  each  modulo  now  contains  a  satur¬ 
able  reactor  and  a  vacuua  interrupter  in  its 
primary  discharge  leg.  After  the  test  breaker, 
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Fig.  9*  Test  circuic  for  experimental  C.E.  in¬ 
terrupter* 

haa  interrupted  the  load  current,  tha  energy 
in  tha  load  coll  and  aaturabla  raactor,  LjR1,  la 
cranafarrad  to  tha  countarpulaa  capacitor,  Cj. 
At  tha  lnatanc  of  complete  tranafar,  which  la  a 
currant  raro  for  Bg  and  Lsilg,  Bg  intcrrupta. 
This  pravanta  further  oacillatlon  of  Lj^g  and  C,, 
thereby  holding  tha  recovery  volcago  on  C2  and 
B.j.  A  waveform  for  thia  type  of  teat  la  ah  own  in 
Fig*  10. 

Tha  recovery  voltage  will  be  maintain  on  tha 
taat  breaker  for  SO  to  100  aa.  Thia  simulates 
intended  uaa  in  tokaaak  ayataaa  and  lnauraa  that 
the  interrupter  haa  fully  recovered  lta 
dielectric  strength. 


coscmsioss 

A  33-CVA  interrupter  teat  facility  haa  bean 
conatruccad  which  i*  capable  of  casting  incer- 
tuptara  for  the  next  genaratiios  of  experimental 
fusion  devices.  The  facility  la  capable  of 
producing  currents  of  230  kA  with  associated 
recovery  voltages  of  120  kV.  Testa  are  planned 
r>n  an  experimental  C.E.  interrupter. 
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Abstract 

Analytical  dtrivationa  ara  presented  for  lnductor- 
convartar  bridge  (IC1)  circuits  in  which  energy  la 
transfarrad  £ro»  a  storage  Inductor  to  a  load 
inductor  with  solid  state  bridges.  Theta 
derivations  provide  complete  analytical  circuit 
solution  in  contrast  to  previously  available 
nuaerical  (non-analytleal)  procedures.  The 
analysis  is  based  on  two  parallel  Methods:  (1) 
Fourier  expansion  of  the  inverter  waveforas  and 
(2)  a  novel  Method  based  on  the  Inherent  waveforas 
of  the  ICB,  labeled  square  functions.  Our 
analytical  values  of  power  flow,  inductor 
currents,  and  voltages  coapare  favorably  with  the 
results  of  a  three-phase  ICB  cxperlaent  at  Argonne 
National  Laboratory. 

Introduction 

The  Inductor-converter  bridge  (ICB)  is  a  solid 
state  dc-ac-dc  converter  systea  for  reversible 
energy  transfer  between  two  inductors.  This 
systea  is  especially  suitable  for  pulsed  power 
supply  applications  greater  than  several  hundred 
aegawatts  and  durations  froa  a  fraction  of  a 
second  to  oany  seconds.  Two  such  applications  are 
the  superconductive  equllibriua  field  colls  of  the 
projected  tokaaak  fusion  power  reactors  and 
superconductive  magnets  to  be  used  in  future 
particle  accelerators. 

The  ICB  systea  is  inherently  efficient,  control¬ 
lable  in  real  tiae  and  allows  Isolation  of  large 
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pulsed  reactive  loads  froa  the  power  grid.  Thus, 
only  the  average  systea  losses  are  drawn  froa  the 
grid. 

Operation  of  the  ICB  Circuit 
Detailed  operation  of  the  ICS  eay  be  found  in 
references  1  and  2.  Figure  I  shows  a  three-phase 
ICB  where  the  storage  and  the  load  coll  is 
represented  by  Lj  and  L^,  respectively.  At  a 
typical  instant  during  the  energy  transfer,  dc 
currents  lj  and  1^  will  be  flowing  in  the  storage 
and  load  colls,  respectively.  The  SCR's  of  the 
left  hand  side  (storage  side)  are  fired  In  the 
normal  Craatz  bridge  sequence:  SLj  Sj^j,  SL1  SLj, 

SL2  SL6'  SL2  SL4*  SL3  SL4»  SL3  SL5*  SL1  SLS . 

The  SCR's  of  the  right-hand  side  (load  side) 

follow  the  sane  sequence  but  nay  be  out  of  step 
with  respect  to  the  storage  side.  The  direction 
and  the  level  of  power  flow  is  determined  by  the 
relative  timing  between  the  source  and  the  load 
bridge  switching  sequences  such  that  a  load  bridge 
lead  will  cause  power  flow  into  the  load  and  vice 
versa.  The  T-connected  capacitors  In  the  olddle 
serve  as  the  intermediate  energy  store  between  the 
storage  and  load  colls  and  they  provide  the 
reverse  voltages  to  coaaaitate  the  inductor 
c’.rcuits  froa  one  SCR  to  the  next.  Thus,  no 
external  counterpulsc  circuit  is  needed. 

Only  a  very  ssall  fraction  of  each  coil  energy  Is 
extracted  in  each  bridge  cycle.  Therefore,  by 
varying  the  relative  timing  between  the  source  and 
load  switching  sequences  and/or  the  frequency  of 
operation,  very  fine  control  over  the  race  of 
energy  transfer  can  be  achieved.  The  functional 
dependence  of  the  power  on  the  relative  doing 
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(relative  phase  difference)  and  eh*  frequency  will  The  total  Instantaneous  average  pover  delivered 
be  Illustrated  In  the  following  sections.  fro*  the  storage  coll  Is  a  tines  the  above,  or 


Circuit  Analysis  based  an  Tourist  Consonant* 
figure  2  shows  an  m-phas*  ICS .  for  this  analysis, 
the  SCX's  have  been  replaced  by  Ideal  switches. 
This  Idealization  Inplles  a  lossless  system  and 
operation  within  the  successful  commutation 
bounds.  Since  each  bridge  cycle  changes  the  coll 
energies  by  a  very  saall  amount,  the  Inductor 
currents  are  nearly  constanc  In  on*  cycle. 

Viewing  such  Inductor-converter  half  from  the  a- 
phase  ac  lines,  one  will  see  an  srphase  square 
wav*  current  source  systea,  each  phase  being  21. 
radians  displaced  froa  the  next  and  the  wave 
amplitude  being  equal  to  the  Instantaneous  coll 
current,  fig.  3.  Since  the  average  power  la 
divided  equally  between  the  phases,  It  nay  be 
calculated  froa  a  one-phase  diagram,  fig.  4. 

The  calculated  Instantaneous  average  power  froa 
the  left-hand  source  (storage)  to  the  right-hand 
source  (load)  Is 


<PS  (C)>  -fyH  -  (-l)a]'(«ln  •"*-)*  sin 

n  n  v  vc  L  * 

The  effect  of  the  relative  phase,  n,  and  the 

bridge  switching  frequency,  u,  on  the  power  flow 

Is  evident  In  the  above  relationship,  Note  also 

that  the  contribution  of  higher  harmonics  Is 

attenuated  by  th*~r  term,  figure  6  represents 
nJ 

the  plot  of  the  Instantaneous  average  power  as  a 
function  of  fc  with  the  number  of  phases,  a,  as 
the  parameter.  Tor  a  -  3,  over  99. SI  of  the  net 
power  Is  delivered  by  the  fundamental  frequency, 
aalclng  the  a  «  3  curve  In  fig.  6  a  Iso  sc  purely 
sinusoidal. 

The  else  functions  of  average  coll  currents, 
power,  and  voltages  may  now  be  calculated,  for 
simplicity,  let 


«?Sa  <=»  -£  <*nS,  >nU  "  boS«  3nU> 

n 

where  the  a's  and  b's  are  the  faurier  coefficients 
of  the  storage  and  load  source  waveforms  as 
indicated  by  eh*  subscripts,  for  Illustration, 
the  fourler  coefficients  of  the  syaaetrlcal 
waveform  of  fig.  3  which  Is  for  when  a  Is  odd  will 
be  used. 
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where  i  is  the  angle  by  which  the  load  bridge 
leads  the  storage  bridge.  After  substitution,  the 
average  power  per  phase  will  slaplify  to 


?Sa  (t)>  "£  JT1  [*  ‘  «-l>nj~Csin  ^)‘  sin 


Solving  these  equations  with  the  initial 
conditions 
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Figure  6  thowi  how  *  phase  current  of  the 
equivalent  three-phaee  circuit  nay  be  decomposed 
into  two  Sq  functions.  Thus,  the  currents  lja  end 
ij^  of  Fig-  *  may  be  written  as 

f1  s. (t'-  t[5^  «»  *i-v +  s’ <T"  v] 

|_iu  u)  -  t  [s<5  (• + 1> +  ^  <*>j  • 

o  *  t  *  T,  o  «  ?  <  T,  o  «  t  «  1/2 

where  t0  is  the  relative  lag  time  of  the  storage 
bridge. 


ar.d  the  average  coil  voltages  frost 
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Circuit  Analysis  based  on  Square  Function 
Calculations 

The  preceding  Fourier  method  shows  the  influence 
of  hanonlcs  in  the  system.  However,  for  real 
time  control,  solving  the  equations  of  the  fora 


<P>’E  fn  (o) 
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for  o  is  tine  consuming  and  possibly  inaccurate. 
The  following  technique  will  provide  closed  fora 
equations  that  arc  efficiently  solved  by  a 
alcrocoeputcr  in  real  da*  control. 


The  calculations  are  based  on  specially  tailored 
functions  syabolixed  by  Sq  (X)  and  Tr  (X),  Fig.  7. 
These  wavefora*  are  inherent  in  the  operation  of 
the  ICB  circuits.  The  Sq  function  is  a  good 
aatheaatlcal  representation  of  the  ac  phase 
currents  of  the  systea.  The  Tr  function  is  the 
integral  fora  of  Sq  and  is  a  good  representation 
of  the  capacitor  voltages  due  to  the  phase 
currents.  A  brief  mathematical  developaent  of  the 
Sq  and  Tr  functions  is  presented  in  the  Appendix. 


These  current  representations  for  one  period  are 
adequate  for  Instantaneous  average  power 
calculations.  The  net  power  out  of  storage  per 
phase,  results  froa  the  interaction  of  ijt  and 
vu,  the  capacitor  voltage  due  to  the  load  phase 
currant: 

vuW4ftlui?4  [Tr  <•  +  f>  *  Tr  M}‘ 

This  power  la 

ps.  <o  -  is.  *u  -  [s« (t  +  i  -  *0>,Tr  (:  + 

+  Sq  (r  +  l  -  :o) -Tr  (t)  +  Sq  (t  -  t#) 

•  Tr  (t  +  £)+Sq  Tr  (r)]  . 

J 

The  instantaneous  average  power  per  phase  is 

'V  '  t  f  »«.  *ta  Jt '  w  /  ‘ls’ *  r  •  ’.i 

-'o  0 

.Tr(r+I)u.Sq  (T+f-To)  .Tr  (?)  + 

Sq  (T  -  To)  •  Tr  (T  +  |)  +  Sq  (t  -  T0> 

•  Tr  (t)]  dr. 

The  four  terms  in  the  Integrand  are  first 
transformed  to  the  normalized  variable  functions 
shown  in  the  Appendix,  then  each  tern  is  evaluated 
by  using  the  proper  integral  identity  in  the 
Appendix.  The  result  is  then  multiplied  by  three 
for  the  total  three-phase  power 
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“hart  Y0  »  is  the  normalised  lag  time  of 

the  storage  bridge  relative  co  the  load  bridge  and 
the  frequency  la  represented  by  tha  period  T. 

Thla  la  the  cloaad  for*  of  cha  <p>  va  a  curve  for 
3  •  3  In  Fig.  6.  Tha  ciaa  funedona  of  tha 
average  coll  currents,  power  and  volcagaa  aay  ba 
calculated  aa  bafora.  Tha  only  dlffaranca  being 
that  X  (Y0)  ta  In  cloaad  fora. 

Expressing  cha  actual  circuit  wavafonaa 
analytically,  allows  ochar  uaaful  calculations 
auch  aa  cha  actual  capacitor  volcagaa  throughout 
tha  transfer  cycle,  cha  atudy  of  commutation 
throughout  cha  cycle,  and  the  actual  coll  volcagaa 
and  lnatancanaoua  currant a,  without  reaorclng  to 
nuaerleal  procedural. 

Coaoarlion  with  Teat  Xaaulta 

A  soda l  thraa-phaaa  ICS  haa  bean  built  and  taatad 
at  Argonne  National  laboratory.  Thla  system  uaaa 
two  Identical  auparconducclng  colli  capable  of 
Storing  123  VJ  at  230  A,  ae  cha  storage  and  load 
Inductors.  Other  ayacaa  paranecers  are: 


l  H,  l0  «  100  A 
C  -  10"6  F ,  a  -  90° 


A  plot  of  these  aquations  appears  In  Tig.  9. 

Figure  10  showa  cha  average  coll  voltages  and 
currants  obealned  experimentally.  Cood  agreement 
axlaca  between  cha  analytical  and  cha  experimental 
results.  Kota,  however,  that  cha  experimental 
Initial  storage  currant  la  soawwhac  higher  chan 
tha  final  load  currant.  Thla  la  due  co  cha  losaaa 
In  cha  ayicea  which  la  neglected  In  thla  analysis, 
but  aay  ba  Incorporated  In  cha  differencial 
equations  leading  co  tha  average  tiaa  functions. 

Conclusions 

Tha  behavior  of  cha  aulclphaaa  Inductor-converter 
bridges  have  bean  studied  by  two  analytical 
techniques.  The  conventional  Fourier  technique 
produces  the  average  circuit  power,  currants,  and 
volcagaa  as  a  function  of  time.  It  also  shows  cha 
efface  of  tha  existing  haraonlca  In  the  circuit 
bahavior.  Tha  square  function  technique  la 
particularly  de-  iud  for  tha  IC1  and  ochar  SCI 
circuits  In  .ch  rectangular  waveforms  appear. 

The  Identities  defined  on  cha  special  functions 
Sq  (X>  and  Tr  (X)  operace  directly  on  the  circuit 
waveforms.  Thus,  much  nore  Information  about 
Instantaneous  bahavior  of  the  circuit  Is  available 
for  analysis,  system  design,  and  cha  development 
of  real  time  control  algorithms.  Preliminary 
casts  with  open  loop  microcomputer  control  have 
been  conducted  with  satisfactory  results.  Tha 
development  of  an  optimal  closed  loop  control 
algorithm  Is  currently  In  progress. 
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The  system  equations  are  derived  from  substitution 
of  these  parameters  and  a  -  3  Into  the  time 
functions  shown  In  the  Fourier  analysis  section: 

'ls>  (t)  -  100  cos  0.3609  t 
<1L>  (t)  -  100  sin  0.3609  t 
<vs>  (t)  -  224.4  sin  0.5609  t 


Appendix 

The  Sq  function  Is  defined  as  the  sum  of  uul:  step 
functions  as  follows, 

Sq  (v+v0)  S  u  (y)  -  2  u  (v  -  i  *  v0)  +  2 

u  (Y  -  l  +  Y0^  "  u  (T0  -  . 


A 

A 
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0  <  v  s  1. 
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Th;  Tr  function  1*  defined  at  th*  integral  value 
of  tfci  Sq  function*, 

Tr  <Y+Y0>  aj%q  «  +  Ya)  d? 


Tr 


(t  +  t  )  "  f  “  Sq  (o  +  t)  d;5,-<  -  , 

°  V  “  V  t 


whert  Y  *  1  and  Y_  -  ~  . 


•*  Y  »  <Y)  -  2  (y  -  j  +  y0> 

<s  (Y  ~  £  +  t0>  *  2  (Y  -  l  +  Y0> 

tt  (Y  ~  1  Y0)  -  <Y  «•  I)  u  (y  -  1) 

Thi  following  integral  in  ejcctuslvaly  uses  in 
calculating  the  *v«mg«  power  flow  in  the  circuit* 
of  interest.  Therefore,  it  will  be  ataitd  ax  ns 
identity  which  may  be  directly  verified, 
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0<V<~‘«0<Y  < 

'  «  2  1  *  *2  "*  2 


The  following  identities  will  also  be  of 
contlderablt  value 


Sq  <y  “  Yo^  •  ”  sq  Iy  +O/2~v0)]» 

Tr  (y  -  Y0)  "  -  Tr  [Y  +(1/2-y0)1,  o  <  yg  <  i 

which  say  be  verified  by  direct  substitution. 

Note  that  by  uaing  three  identities,  ve  cea  easily 
evaluate  thu  above  integral  for  any  combination  of 
laadlng  and  lagging  functions. 


The  above  Sq  and  Tr  functions  have  been  defined 
fat  a  period  equal  to  1.  For  periods  other  chan 
1 ,  the  arguaent  should  be  nultiplied  by  the 
appropriate  constant: 


Sq  (c  +  t0) 


Sq  (y  +  tQ), 


o  <  t  <  T, 
.0  <  y  <  l. 


°£  co 
0  S  Y0 


Substitution  of  y  *ad  ^  xn  the  above  integral 
will  give 

Tr  (trt0)  -  t Jr  Sq  U  +  Yjj)  <H 
J 0 

-  T  [Tr  <y  +  Y0»  ‘  t  «  (:)  >  ! 

<‘-|+t0)  «  C -  ~  T ^ 

+  2  (t  »  T  +  tQ)  u  <c  -  T  +  tft) 

-  (t  -  T)  u  (t  -  7). 

For  eiae  base  cAlculatlont,  these  functions  say  be 
used. 
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Fig.  3.  Equivalent  Diagraa  of 
an  a-phaae  ICS. 
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Abstract 

A  distributed  parameter  circuit  analog 
model  was  developed  to  evaluate  desiga  improve¬ 
ments  for  the  TRESTLE  pulser.  The  approach  for 
specifying  the  model  network  and  estimating 
model  parameters  is  given.  Model  results  are 
shown  to  compare  favorably  to  available  measure¬ 
ments.  The  aradel's  flexibility  and  economy 
allowed  ready  evaluation  of  potential  modifica¬ 
tions. 

Introduction 

A  desired  output  of  EMP  simulators  is  to 
produce  working  volume  fields  that  approximate 
the  waveform  given  by 

E  =  5.25  x  104(e"4xl°6t-e"4,76xl°6t)  V/m 

Applying  this  criteria  to  the  TRESTLE  simulator 
implies  that  the  output  voltage  of  the  TRESTLE 
puljers  should  be  on  the  order  of  5HV  with  a 
nsetime  of  approximately  10  nsec.  The  config¬ 
uration  is  shown  in  Figure  1.  This  arrangement 
of  Marx  generators  and  peaking  circuits  has  a 
smooth  transition  into  the  TRESTLE  antenna 
system  and  was  required  to  support  TEM  fields  up 
to  100  MHz.  This  bandwidth  requirement  intro¬ 
duced  uncertainty  into  the  pulser  design  since 
the  pulser  is  electrically  large  at  100  MHz. 

*This  work  supported  by  the  Air  Force  Weapons 
Laboratory  under  subcontract  to  McDonnell- 
Douglas  Astronautics  Company,  Contract  F29601- 
73-C-0090 

+Hr.  Fisher  is  currently  with  ElectroMagnetics 
Applications,  Inc. 


Slagle  lumped  parameter  models  were  devel¬ 
oped  to  determine  the  design  parameters  for  the 
pulsera.  However,  after  the  first  pulser  module 
was  built  and  tested,  test  results  Indicated 
that  improved  pulser  response  was  desired  (Figure 
2).  The  most  obvious  difference  is  the  increase 
in  measured  risetime  over  the  predicted  (25  nice 
vs.  8  nsec).  Additional  anomolies  included  the 
measured  notch  at  225  nsec,  and  a  prepulse  of 
approximately  30  percent  of  charge  voltage. 

Before  any  major  awdifica'clont  were  made  to 
the  pulaer  in  order  to  improve  its  performance, 
a  more  detailed  model  of  the  pulser  was  devel¬ 
oped.  In  particular,  this  model  was  required  to 
have  the  capability  to  account  for  both  the 
extended  geometry  of  the  pulser,  and  the  stray 
capacitance  and  inductance  of  the  peakers  and 
Marx  generators'. 

Approach 

The  model  was  restricted  to  account  for  TEM 
mode  propagation  only.  With  this  restriction,  a 
distributed  network  analog  model  was  attractive 
for  many  reasons.  First,  the  solutions  could  be 
obtained  in  the  time  domain  alleviating  the 
problem  associated  with  the  non-linear  behavior 
of  the  switches.  Second,  distributed  network 
analog  models  are  compatible  with  measured 
parameter  estimation.  The  most  serious  defici¬ 
ency  associated  with  these  models  is  that  it  is 
difficult  to  account  for  the  effects  of  radia¬ 
tion  resistance  and  diffraction. 

The  peaker  arms  and  Marx  generators  were 
modeled  by  dividing  the  length  of  the  pulser 
into  16  segments.  The  segment  unit  cell  is 


liiust'jjited  (a  Figucs  3.  Note  that  birth  the 
effect*  of  Internal  and  extern*!  pheneneM  ate 
node led. 

The  output  *vitch  sad  the  load  «f  the 
pulser  were  modeled  separately.  A  model  Of  a 
com  cone  a  witch  i*  shown  la  Figure  4,  Thl* 
model  includes  the  effects  of  the  transit  time 
along  the  switch,  the  stray  capacitance  of  rise 
switch  corona  ring,  the  stray  capacitance  of  the 
switch  jap,  the  iaterslal  inductance  of  the 
switch  and  a  bach  Urpedance.  The  back  Impedance 
included  the  effects  of  the  output  switch  probe 
and  the  radiation  resistance  of  the  pulser. 

The  integrated  pulser  mudel  was  formed  by 
combining  the  prescribed  number  of  unit  cells 
and  attaching  bath  the  switch  model  and  lotd 
element.  This  is  illustrated  in  Figure  5  for 
the  case  of  an  idealised  switch  and  a  luaped 
load  impedance. 

■Model  Parameter  Estimation 

Since  the  network  analog  model  of  the 
pulser  is  not  based  on  a  self-consistent  solu¬ 
tion  of  Maxwell's  equation,  the  model  paraaeters 
were  estimated  from  experimental  results,  nu¬ 
merical  analyses  and  simple  analytical  formulas. 
The  methods  for  estimating  all  of  the  model 
paraaeters  are  summarised  in  Table  1.  la  parti¬ 
cular  che  values  of  the  components  representing 
internal  parameters  were  obtained  from  the 
results  of  experiments  and  were  supplied  by  the 
pulser  aanufacturer  (reference  l).  The  values 
of  the  components  representing  the  external 
parameters  (stray  and  mutual  capacitance  and 
inductance)  of  the  peakcr/Hirx  configuration 
wore  calculated  using  a  3-diaeusional  static 
method  of  moments  code.  The  details  of  these 
calculations  are  contained  in  reference  2. 
Reference  3  provides  criteria  for  modeling 
radiation  resistance. 

Results 

The  response  of  the  network  analog  of  the 
TRESTLE  pulser  was  calculated  using  the  S'ET-2 
network  analysis  code.  About  400  elements  were 
needed.  The  calculations  were  performed  m  the 


time  domain  and  the  predicted  output  waveform 
w*«  complied  to  the  measured  output  iFiguce  6 
and  Figure  ?}.  It  U  evident  that  the  responses 
obtained  from  the  model  calculations  are  in  good 
agreeaent  with  the  measured  responses  except, 
near  tbe  peak  value  of  the  waveform.  the  flat¬ 
ting  of  the  measured  response  waveform  in  thl* 
region  was  attributed  to  diffraction  effects 
which  are  not  included  in  the  network  analog 
model. 

Mext  the  senstivity  of  the  model  was  Inves¬ 
tigated  by  varying  the  component  parameters  over 
their  range  of  uncertainty.  Since  tbe  output 
wa*  not  sensitive  to  small  parameter  variations, 
we  concluded  precise  paraaoster  estimate*  were 
not  required  (reference  2). 

Finally  various  pulser  modifications  were 
evaluated  (reference  2)  with  the  aid  of  the 
lodcl.  It  was  found  feasible  to  eliminate  the 
waveform  notch  by  increasing  pcaker  capacitance. 
For  ocher  features,  It  was  found  that  the  pulser 
design  was  near  optimum  given  high  voltage  and 
geometry  constraints. 

Conclusion* 

The  modeling  approach  used  for  TRESTLE 
appears  to  be  useful  for  other  electrically 
large  high  voltage  systems.  A  combination  of 
simple  experiments  and  analyses  can  yield  ade¬ 
quate  data  for  distributed  parasieter  equivalent 
circuits.  With  existing  circuit  analysis  codes 
such  as  SEPTRE  or  SET-2 ,  aodel  changes  are 
simple  and  computer  run  times  are  modest  (1-3 
minutes  per  run  on  a  CDC  6600  for  the  TRESTLE 
study). 
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Abacract 

Self-aagnctlcally  lneulaced  transmission  line*  are 
uied  lor  power  transport  between  the  vacuus  Insula¬ 
tor  and  the  diode  In  high  current  particle  accel¬ 
erators.  Since  the  efficiency  of  the  power  trans¬ 
port  depends  on  the  details  of  the  Initial  line 
geometry,1  i.e.,  the  Injector,  the  dependence  of 
the  electron  canonical  sosentua  distribution  on 
the  Injector  geometry  should  reveal  the  loss  aecha- 
nlss.  Ue  propose  to  study  that  dependence  experi¬ 
mentally  through  a  Coapton  scattering  diagnostic. 

The  spectrum  of  scattered  light  reveals  the  elec¬ 
tron  velocity  distribution  perpendicular  to  the 
direction  of  flow.  The  design  of  the  diagnostic 
Is  In  progress.  Our  preliminary  analysis  is 
based  on  the  conservation  of  energy  and  canoni¬ 
cal  a omentum  for  a  single  electron  in  the  E  and 
7  fields  determined  from  2-D  calculations.  For 
the  Mite1  accelerator  with  power  flow  along  Z, 
the  normalized  canonical  momentum,/!  ,  Is  In  the 
range  -  0.7  <  M  <  0.  For  k^  1 1  ¥,  and  k  1 1  t, 
our  analysis  Indicates  that  the  scattered  photons 
have  1.1  eV  _<  hvf  <  5.6  eV  for  ruby  laser  scatter¬ 
ing  and  can  be  detected  with  PM  tubes. 

Introduction 

Self-aagnetlcally  insulated  transmission  lines  are 
being  developed  for  power, transport  in  the  particle 
beam  fusion  accelerator  EBFA  at  Sandla.  The 
efficiency  of  power  and  energy  transport  Is  sensi¬ 
tive  to  variations  In  line  geometry  which  occur  at 
the  Input  and  output  convolutes.  In  this  paper  we 
consider  how  the  dynamics  of  electron  flow  might  be 
probed  by  Coapton  scattering.  The  evaluation  has 
several  steps.  First,  the  distributions  of  the 
electric  and  magnetic  fields  In  the  EBFA  self  mag¬ 
netically  Insulated  line1  are  Inferred  from  simula¬ 
tions2  and  1-D  theory.  Then  the  relationship  be¬ 
tween  the  energy  of  a  photon  scattered  from  an 
electron  ulth  an  axial  canonical  momentum  P,  Is  cal¬ 
culated  at  various  positions  in  the  electron  flow, 
for  the  E  and  ¥  fields  from  the  2-D  simulations  and 
for  those  from  the  1-D  theory.  A  comparison  of  the 
two  relationships  Illustrates  the  sensitivity  of 
the  diagnostic  to  the  model  for  E  and  3.  The  par¬ 
ticle  trajectories  for  an  assumed  distribution  of 
canonical  momentum  P,  In  the  axial  direction  are 
then  calculated  at  a“given  position  in  the  vacuum 
gap.  Finally,  the  spectrum  of  scattered  photons 

*This  work  was  supported  by  the  U.S.  Dept,  of 
Energy,  under  Contract  DE-AC04-76-DP00789. 


for  two  different  assumed  canonical  momentum 
distributions  arc  calculated  to  Illustrate  the 
diagnostic.  Each  step  will  be  examined  In  turn. 


Electromagnetic  Field  Calculations 


The  triplate  transmission  line  which  Is  being 
Incorporated  Into  EBFA  Is  represented  by  an  equiva¬ 
lent  coaxial  transmission  line  with  r£  *  0.07  o 
and  ra  «  0.08  n.  This  coax  and  the  basic  features 
in  the  Coapton  acatcerlng^experiment  arc  shown  In 
Fig.  1.  From  simulations"  of  this  coaxial  line, 
the  power  flow  Is  represented  by  a  boundary  current, 
Is,  of  243  kA  and  a  total  current,  I~,  of  4$0  UA  at 
VQ  >•  2.4  MV.  The  current  IE  ■  tj-Ig  “  207  kA  Is 
carried  by  electrons  In  the  vacuum  gap  between  con¬ 
ductors.  The  E  and  ¥  fields  for  this  particular 
case  have  been  calculated  previously  by  Bergeron 
and  roukey  with  a  2-D  electromagnetic  particle  sim¬ 
ulation  code.  The  agreement  between  the  experi¬ 
ment  and  the  code  results  for  V,  L-,  and  Ig  are 
excellent.  Ue  have  also  calculated  the  E  and  5 
fields  for  these  initial  conditions  from  para- 
potentlal  theory.3  Ue  noticed  chat  under  these  con¬ 
ditions  of  power  flow  the  value  of  as  calculated 
by  Eqs .  (29)  and  (36)  In  Creedon's  paper3  were  In¬ 
consistent.  This  theory  requires  self-consistency 
which  we  achieved  by  optimizing  N  so  that  V  « 
m0c"(70-l)/a  Is  2.4505  MV  Instead  of  2.4  MV.  This 


DETECTOR 


Fig.  1.  Coax  with  basic  features  of  Coapton  scat¬ 
tering  experiment.  Directions  of  electron 
power  flow  (+Z),  incident  photons,  and 
detector  are  all  mutually  perpendicular. 
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value  of  VQ  gives  a  self-consistent  sac  of  paraae- 
eecs  V0,  L- ,  I8,  and  Z0  for  parapocencial  cheory 
and  is  wall  within  experimental  error  in  the 
measurements  and  cha  numerical  fluctuations  in  Che 
computational  ratulcs.  Tha  E  and  £  fields  froa  2-D 
calculations  and  cha  self-consiscenc  (SC)  parapo- 
cenclal  cheory  are  shown  in  Fig.  2. 
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The  Photon  Energy  as  a  Function  of  Electron  Canoni¬ 
cal  Momentum  ~  - 


In  ordor  to  calculate  Cha  frequency  of  a  Compton 
scattered  photon,  cha  velocity  vector  of  cha 
scattering  electron  needs  to  be  known.  Froa  the 
conservation  of  energy  and  momentum  for  a  single 
electron,  Kendal*  has  shown  chat 
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e~ 


[l+d(r)|2  -1-  (a(r)+P|2 


(1) 


where 

Vs  radial  velocity  coaponenc, 
d( r)'3  normalized  scalar  , 

potential  (»  atf/mc*  with  IT  «  -C9), 
n(r)  a  Z -coaponenc  of  noraallxed  vector 

potential  («  «A,(r)/mc  with  T VXA), 
li  S  Z-coaponenc  of  noraallxed  canonical 
momentum  (-  e?,/oc  with 

??  “,‘MzjMAZ>*  and 
7  3  (I-V‘/c‘J  1/2  -  1  +  d(r)  (by  energy 
conservation). 


In  Eq.  (1)  a  new  paraaeter, V  ,  la  introduced  which 
is  Cha  noraallxed  canonical  momentum. ^  For  sceady- 
seace  electron  flow  in  a  transmission  line  in  which 
3/3Z  r1  0,  V  is  a  constant  of  cha  electron  aocion. 

If  the  electron  originates  froa  the  cathode  where 
p  .  Vz  »  •««  0,  chan  V  »  0.  Consequently,  it  Is 
often  assuaad  chat  U  -  0  for  all  electrons  In  the 
flow.  However,  self-aagneelcally  insulated  crana- 
aisslon  lines  have  a  transition  section  becween 
the  weakly,  electrically  stressed  vacuuai  Insulator 
and  tha  highly  stressed  line.  In  the  transition 
section,  3/ 3Z  i  0  and  V  is  not  a  constant  of  aocion. 
Consequently,  electrons  with  W  r1  0  can  be  lnjeccad 
into  che  uniform  line,  and  produce  a  discrlbuclon 
T(V)  with  a  finite  width  IV,  for  che  electron  flow. 
It  is  thought  chac  che  detail  structure  in  F(p)  de¬ 
termines  Che  power  transport  in  long,  self  magnet¬ 
ically  insulated  lines,0*'  and  che  stability  of  the 
electron  flow  may  be  understood  by  studying  T(V) 
under  various  conditions.  Stable  orbits  corres¬ 
ponding  to  solutions  of  Eq.  (1)  for  which  V  >  0 
in  che  gap  can  be  found  for  various  values  ofli . 

In  Fig.  3  we  have  plotted  the  radial  position  of 
the  lower  and  upper  turning  points  for  scable 
orbits  as  a  function  of  p.  These  results  show  that 
tha  orbits  are  very  similar  for  scalar  and  vector 
potentials  based  on  parapocencial  and  2-D  calcula¬ 
tions.  We  also  see  that  for  v  •  0,  che  orbits  are 
contained  within  che  sheach^  and  recurn  to  che 
cachode  surface.  Orbits  vlchJ/’<£  0  have  upper 
turning  points  beyond  che  sheath'*  and  cend  to  re¬ 
main  isolated  froa  the  cachode  surface.  The  mini¬ 
mum  v  corresponds  to  those  orbits  whose  upper  turn¬ 
ing  point  Jusc  graxes  che  anode. 


According  to  Compton  scattering  cheory  for  che 
geometry  shown  in  Fig.  1,  the  energy  of  che  scac- 
,  hvs,  is  related  to  V  (r^./i)  by  the 


tered  photons 
expression0 


Fig.  2.  Plot  of  n  and' 3  fields  extrapolate^  from  hw  *  bt>,  (2) 

daca  points  of  Bergeron  and  Pgukey-  and  s  l~V^(r^,W/c 

according  to  SC  parapocencial J  cheory. 


Calculated  Spectra  for  an  Aaauaed  F (P?. 


Fig.  3.  ?lot  of  p  ve.  the  position  of  lower  and 
upper  turning  point*.  The  dotted  line 
was  calculated  by  parapotentlal  theory 
using  taae  Ig,  1-,  and  VQ  as  was  used 
for  2-D  calculation. 


where  r.  is  the  radial  position  of  the  incident 
laser  beam  in  the  gap.  Scattered  photon  energies  as 
a  function  of  p  are  plotted  in  Fig.  4  for  various 
value*  of  r.  with  hVj  -  1.786  eV  froa  a  ruby  laser. 
The  values  of  V_(rj  ,p)  needed  in  Eq.  (2)  wars  deter- 
alntd  froa  Eq.  (l)  using  potentials  froa  2-D  calcula¬ 
tion*  with  Piouer  <>'<  wUpper*  ln“ 

dicat*  that  for  this  geometry,  optical  detection  is 
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Fig.  4.  Plot  of  scattered  photon  energies  vs.P 

for  various  positions  for  the  fields  froa 
the  2-D  coaputatlons  and,  of  the  laser 
probe  beaa.  The  dotted  line  has  hvs(P) 
froa  the  fields  froa  the  self-consistent 
parapotentlal  calculation  at  rj“  0.0725  a 
for  coaparison. 


The  nuaber  of  scattered  photons  with  energy  be¬ 
tween  E,  E  +  dE  is  given  by  the  expression 


dK  _  UL 
d£  "  hv 


D(rj)  F(P) 


n 


(3  J 


where 

Ua  energy  of  incident  laser  pulse, 

1.  ■  interaction  length  of  beaa  and  elec¬ 
tron  plasaa  visible  to  the  detector. 

D(r. )  ■  nuaber  of  electrons/oJ  at  r.  froa 
1  '  F£*f.  2. 

F (p)  *  fraction  of  electrons  with  nornalited 
canonical  aosentua  p , 

G(r.  ,E)  ■  noraallxed  canonical  aosentua  at  soae 
position  in  the  gap,  rj ,  as  a  function 
of  scattered  photon  energies  (see 

do  Fl«-  *nd 

*  Coapton  differential  scattering  cross 
section.8 


In  using  Eq.  (3)  to, calculate  the  scattered  spectra, 
we  assusc  the  laser  energy  Is  1  Joule,  the  collector 
system  subtends  one  sterradlan  of  solid  angle,  and 
the  electron  nuaber  density  is  10*8  a  .  For  a 
uniform  canonical  aoaencua  distribution,  dS'/dt  ver¬ 
sus  E  (»htv)  is  plotted  In  Fig.  5  for  several  posi¬ 
tions  of  the  probing  laser  beam.  The  total  nuaber 
of  scattered  photons  is  also  noted  as  8_  In  these 
plots.  Uc  also  as^uaed  a  Causilan  distribution, 
*xp(-0.5(P-Pp)/jP)“) ,  with  P0  “  0  and  IP  -  0.1;  the 
results  of  the  calculation  using  this  distribution 
is  plottad  in  Fig.  6. 


hv  leVI 

Fig.  5.  Plot  of  dK/dE  vs.  hvs  for  unlfora  dis¬ 
tribution  in  P. 
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Fig.  6.  Plot  o f  dN/dE  v*.  hvf  for  Gaussian  dis¬ 
tribution  In  n  centered  about  U  -  0  with 
III  -  0.1. 


Discussion 


Tlia  claccrona  product  a  breasscrahlung  x-ray  pulac 
that  will  product  a  signal  on  tha  dttaccor.  The 
scattered  light  can  be  optically  delayed  undl  the 
detector  recovers  fro*  the  x-ray  pulse  so  the  x-ray 
background  can  be  tolerated. 

The  Halting  factor  to  the  Coapton  scattering 
diagnostic  to  aeaaure  F(|i)  appears  to  be  the  back¬ 
ground  light  froa  the  plasaa  on  the  cathode.  A 
significant  aaount  of  light  can  be  expected,  but 
no  aeaaurtaents  have  been  aada  of  Its  Intensity  or 
spectral  distribution.  The  ratio  of  scattered 
light  to  plasaa  light  laproves  as  the  bandwidth 
iy.  of  the  scattered  light  decrtases.  If  the 
width  Hi  of  r(H)  Is  =l<r\  as  recent  calculations' 
have  indicated,  the  scattered  light  has  a  wave¬ 
length  spread  of  only  3  A*,  which  would  give  a 
very  favorable  ratio  of  scattered  light  to  plasaa 
light. 

Conclusion 


The  Coapton  scattering  diagnostic  Is  capable  in 
principle  of  resolving  the  canonical  aoaentua  dis¬ 
tribution  F(li)  In  self-aagnetlcally  Insulated  elec¬ 
tron  flow.  The  Halting  factor  Is  the  ratio  of 
background  plasaa  light  froa  the  cathode  plasaa  and 
the  scattered  light,  which  Is  strongly  dependent  on 
the  width  of  F(Ji)  Itself. 
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which  is  easily  recordable. 

The  functional  relationship  between  hv  ind  u 
features  a  reasonably  strong  correspondence  of 
“(h**  )  to  r(|i)  for  the  proposed  experlaent  and 
the  interpretation  of  the  data  la  reasonably 
insensitive  to  the  assuaed  sodel  for  the  electro- 
asgr.etic  field  distribution  in  the  electron  flow. 
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Abstract 

When  breakdown  of  a  pressurised  spark  gap  I* 
initiated  by  a  high  power  laser,  a  narrow  spark 
channel  Is  quickly  established.  In  this  case,  the 
rlsctlae  of  the  current  In  tt.J  external  circuit 
due  co  the  breakdown  of  the  gap  Is  determined  In  a 
large  seasure  by  the  properties  of  this  spark  chan¬ 
nel.  To  study  the  Inductive  and  electromagnetic 
effects  associated  with  the  channel  dimensions  and 
the  resulting  physical  discontinuities,  experiments 
have  been  conducted  using  spark  gaps  where  the  dis¬ 
charge  channel  Is  simulated  by  a  very  chin  wire. 
Current  riseclae  measurement*  for  various  wire 
sires  (l.e. ,  spark  channel  radius),  wire  position 
(I.C.,  on  or  off  axis),  and  number  of  wires  (l.e., 
aulclchanncllng)  have  been  carried  out.  The  rise- 
time  values  thus  obtained  agree  quite  well  with  the 
laser-triggered,  single  and  multichannel,  spark  gap 
results.  These  results  can  be  qualitatively  ex¬ 
plained  using  simple  Inductive  circuits  which  dra¬ 
matically  underline  the  Inductive  character  of  the 
breakdown.  The  significance  of  these  results  In 
revealing  the  mechanism  of  spark  gap  breakdown  will 
be  discussed. 


A*  current  risctlnes  In  sparkgap  switches 
approach  nanoseconds,  It  becomes  increasingly  Im¬ 
portant  to  understand  the  electromagnetic  effects 
that  are  associated  with  the  geometry  of  the  spark- 
gap  and  are  channel.  This  Is  particularly  impor¬ 
tant  In  the  case  of  high  Impedance,  triggered 
systems  where  the  effects  of  the  resistive  phase  of 
breakdown  are  not  Important.  For  example,  Cuenther 
and  Settle  *  conducted  experiments  using  a  50  ota, 
laser  triggered  system  where  the  rlsetlme  was  de¬ 
termined  almost  exclusively  by  the  Inductive  phase. 
In  this  case,  those  electromagnetic  effects,  asso¬ 
ciated  with  the  dimensions  of  the  electrode  and  the 
arc  channel,  can  be  Investigated  by  simulating  the 
channel  with  thin  wires. 

The  experimental  arrangement,  shown  in  Fig.  1, 


was  used  to  simulate  a  high  impedance  system  for 
the  Investigation  cf  these  aformentloned  electro¬ 
magnetic  effects.  The  gap  region  was  formed  by  an 
Interruption  in  the  center  conductor  of  a  constant 
Impedance  (SO  ohm)  coaxial  line  which  is  terminated 
In  a  matched  load.  Thin  wires  are  placed  across 
the  gap  to  simulate  the  conduction  paths. 

The  simulation  arrangement  may  be  thought  of 
as  a  set  of  three  cascaded  transmission  lines 
(shown  in  center  of  Fig.  2)  with  the  gap  section, 
in  this  case,  having  a  very  nigh  characteristic 
Impedance.  Because  of  this,  and  for  the  purpose 
of  calculating  rlsetlmes,  the  system  may  be  modeled 
by  the  Inductive  circuit  shewn  at  the  bottom  of 
Fig.  2.  In  this  circuit,  the  Inductance  lx  given 

by  2s  ,  60t 

L  "  c 


ln(bAa) 
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where  a  and  b  are  the  diameters  of  the  Ire  and 
outer  conductor  of  the  transmission  line  respec¬ 
tively;  c  Is  the  speed  of  light  In  meters  per 
second,  and  t  Is  the  gap  distance  In  meters. 

Since  transmission  line  techniques  do  not  account 
for  the  three  dimensionality  of  the  problem,  chls 
circuit  model  Is  useful  for  determining  the  current 
rlsetlme  only  to  a  first  approximation.  Because  of 
boundary  conditions,  the  transverse  electric  field 
must  be  zero  at  the  discontinuities  oecurlng  at  the 
electrode-channel  junctions.  Higher  order  modes 
are  crested  here  to  satisfy  these  boundary  condi¬ 
tions,  while  still  allowing  for  the  propagation  of 
the  current  pulse  through  the  gap  \  If  these 
modes  are  evanescent  and  non-lnteractlve,  it  is 
possible  to  codify  the  transmission  line  and 
circuit  models  by  placing  capacitors  at  each  dis¬ 
continuity  2  and  at  each  end  of  the  inductor, 
respet.tively.  Some  of  these  higher  order  modes  do 
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propagate,  however,  and  In  general  will,  ashing 
this  modified  model  unaeeptab.'e  for  the  accurate 
determination  of  current  or  voltage  rlseclae. 


TiltfM  risniwswe*  U«e 


Fig.  I  Experimental  Arrar.geaer.c 


Fig.  i 

Vjir.g  sampling  techniques  and  the  setup  In 
Fis.  1.  u«  have  experimentally  determined  the 
geometrical  effects  associated  vleh  sap  spacing, 
-.unbar  of  channels,  channel  position,  and  channel 
disaster  on  the  rlseclae  of  an  Incident  voltage 
pulse  sFlg.  1).  The  experimental  rlsacimes  vere 
determined  using  the  relation: 


where  ?.  5  observed  rlseclae 
o 

Ti  2  rlseclae  of  Incident  pulse 
do  nave  compared  these  results  with  rlsetlacs 
^awjiatcd  Iran  the  circuit  model  at  the  bottoa  of 


/eg.  1  with  the  rlseclae  given  by: 

-  a  2  ; 

**  2Z0  U) 

A  graph  of  the  rlseclae  (after  being  corrected  for 


the  finite  bandwidth  of  the  current  shunc  and  in¬ 


cident  pulse)  versus  gap  distance  is  shown  in  Fig. 
4,  The  rlseclae  of  the  transmitted  pulse  decreases 
as  gap  distance  decreases  In  both  the  experimental 
case  and  the  case  when  the  rlsetlac  Is  determined 
fro*  equation  3.  This  Is  explained  by  the  fact 
the  Inductance  of  the  channel  and,  therefore,  the 
associated  else  constant  decrease  with  decreasing 
gap  distance.  One  should  also  note  chat  while  the 
relative  difference  between  the  calculated  and  ex¬ 
perimental  risetime  resalna  fairly  constant,  the 
percentage  difference  actually  Increases  as  the  gap 
distance  Is  decreased  fro*  3.3  cm.  This  may  be  ex¬ 
plained  by  the  fact  that  che  high  order  aodcs, 
created  at  each  discontinuity,  Interact  more  with 
each  ocher  ae  the  spacing  decreases,  and  this 
interaction  cende  to  hav«  an  Inereaeing  efface  on 
rlseclae.  Xoce.  however,  that  as  gap  distance  U 
reduced  further  still,  fro*  3  cm,  the  capacitance 
of  the  gap  plays  s  greater  but  opposite  role, 
causing  che  percentage  difference  between  the  cal¬ 
culated  and  experimentally  determined  risetlmes  to 
decrease  (see  Fig.  4). 

one  ■  *>*« 
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Fig.  4 

The  geometrical  effects  associated  with 
multichannel  discharges  were  simulated  bv  placing 
various  number  of  wires  at  different  positions  In 
the  gap.  Slnco  the  characteristic  inductance  of 
che  gap  section  decresses  with  increasing  numbers 
of  wires,  it  Is  expected  that  the  risetime  should 
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decrease  also.  This  decrease  is  particularly 
seuce  between  rise  time*  associated  vlch  one  and 
two  wire  channels  (see  Fits.  5  and  7). 


<•»  Of  WINES  LOI*  CXAMETEK) 
Fig.  5 


At  che  number  of  wires  increases,  the  elec¬ 
tromagnetic  field  discribucion  marc  accurately 
approximates  that  of  a  larger  diameter  wire.  It 
than  follows  that  large  numbers  of  wires  placed 
at  the  edge  of  the  gap  have  an  associated  rise- 
time  that  is  smaller  than  the  case  whan  the  same 
number  of  wires  are  placed  closer  to  the  axis  of 
the  gap  since  the  associated  inductance  af  the 
"effective”  large  dlosMtar  channel  is  smaller. 
Similarly  it  follows  that  the  experimental  rise- 
time  should  more  closely  match  the  rise  time 
calculated  from  equation  3  since  the  "effective" 
large  diameter  wire  produces  less  of  a  discon¬ 
tinuity  to  che  transverse  electromagnetic  fields 
of  the  incident  pulse,  chan  the  smaller  "effec¬ 
tive"  diameter  wire.  This  is  verified  by  che 
graph  in  Fig.  3. 

Finally  the  effects  of  channel  thickness  on 
rlsetise  were  determined  by  varying  the  diameter 
of  the  wires  used  to  simulate  the  channel.  A^aln, 
since  the  characteristic  inductance  of  the  gap 
section  associated  with  the  thicker  wires  is  less 
than  chat  associated  with  thinner  wires,  it  is 
expected  chat  riseeimes  should  also  be  less.  This 
is  shown  in  che  plot  of  rlseclae  versus  channel 
diameter  in  Fig.  6.  Note  chet  che  difference 
between  calculated  and  experimentally  determined 
rlsetlaes  tends  to  become  ssallet  as  che  thickness 


of  the  channel  is  Increased.  This  decrease  is  due 
to  two  reasons.  First,  less  high  order  cedes  are 
generated  in  the  gap  section  when  thicker  wires 
arc  used,  hence  shorter  riseeimes  for  the  experi¬ 
mental  case.  Secondly,  as  wire  thickness  begins 
to  approach  the  diameter  of  the  ceticr  conductor 
of  Che  main  line,  we  no  longer  have  the  necessary 
condition  chat  the  impedance  of  the  gap  be  much 
greater  chan  the  impedance  of  the  main  line  render¬ 
ing  che  rlsetlaes  calculated  from  the  inductor 
model  coo  large  for  the  very  large  diameter  wires 
that  we  tested. 
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The  importance  of  chese  effects  in  high  im¬ 
pedance  triggered  systems,  may  be  further  ascer¬ 
tained  by  comparing  the  reaulta  obtained  in  our 
alaulaclon  with  the  data  obtained  by  Cucnther  and 
bactla  *  using  the  laaer  trigger  syacea  mentioned 
previously.  They  studied  che  risetime  of  single 
and  dual  channel  aparkgapa  triggered  by  one  or  two 
laaer  beam*  focused  on  che  cathode.  A  riaeciae  of 
2  ns  for  a  single  channel  and  1.12  ns  for  dual 
channels  were  obtained  In  their  experiment.  This 
is  a  44Z  difference  between  the  two  cases.  Figure 
7  shows  a  comparison  between  photographs  of 
oscilloscope  traces  when  one  and  two  .01  inch  dia¬ 
meter  wires  are  used  to  simulate  the  arc  channels. 
Ue  have  a  34*  difference  between  the  riseeimes  cf 
che  single  and  dual  wire  cases.  Considering  chat 
the  discontinuities  in  their  experiment  are  core 
abrupt,  (i.e.  che  cutoff  frequency  for  the  higher 
order  modes  in  their  experiment  was  20C  MHr,  where¬ 
as  in  ours  it  was  600  A  ) ,  che  results  compared 


favorable.  Xoreover,  r,oc«  chat  the  Increase  in 
the  rlseciac  for  the  single  channel  ca*«  la  con- 
liacant  with  cur  explanation. 
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Fit.  7 

1c  is  apparent  iron  cheae  reaulca  chat  in 
nanosecond  regimes,  currenc  rlseciac  la  strongly 
dependent  on  the  geonetry  of  the  spark  gap  and 
arc  channel  systea.  If  alnlalzaclon  of  current 
rlscciae  la  to  be  achieved,  reduction  in  the 
eleccroaagneclc  dlacontlnultiea  auac  be  conalder- 
ed.  One  way  to  accomplish  thia  la  by  oulci- 
channelling.  Fro*  our  results,  the  aoac  dealrable 
condition,  for  this  eaae,  la  the  alaultaneoua 
creation  of  either  tvo  or  four  channela  at  the 
outer  edges  of  the  apark  gap.  Conalderlng  the 
problems  of  aloultaneoualy  producing  four  channela, 
it  seema  thac  the  percentage  reduction  ualr.g  tvo 
channela  nay  render  thla  caae  to  be  the  aoac 
practical. 
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Abstract 

Studies  on  the  triggering  of  a  high-voltage,  gas- 
insulated  spark  gap  by  an  electron  bcaa  have  been 
conducted.  Risetises  of  approximately  2.5  ns  and 
subnanosecond  Jitter  have  been  obtained  for  3  cm 
gaps  with  gap  voltages  as  low  as  50.T  of  the  self- 
breakdoun  voltage  (variable  to  1  MV).  The  swlttn 
delay  (including  the  diode)  was  50  ns.  The  work¬ 
ing  aedla  were  [!,,  and  alxturcs  of  K,  and  Ar,  and 
of  .'I,  and  SF,  at  pressures  of  1-3  ata.  Open 
shutter  photographs  show  that  the  discharge  is 
oroad  in  cross-section. 

Voltage,  current,  and  Jitter  aeasureoents  have 
been  cade  for  a  wide  range  of  gap  conditions  and 
electron-bean  paraaeters.  Variations  in  the 
character  of  the  discharge  have  been  inferred 
using  streak  and  open  shutter  photography. 
Correlation  between  electron  beaa  width,  bean 
energy,  discharge  channel  width,  current  rlsetine, 
delay,  and  Jitter  are  discussed. 


Introduction 

Several  current  high  priority  research  efforts 
such  as  fusion,  the  production  of  hig'.,  energy- 
particle  beans,  and  the  slnulatlon  of  environnencs 
associated  with  nuclear  weapons  detonations, 
require  the  generation  of  very  high  voltage,  high 
peak  power  pulses.  One  of  the  principle  pre¬ 
requisites  to  achieving  this  objective  is  the 

Work  supported  by  AFOSR  under  Grant  No. 
AFOSR-76-3124 


developcent  of  switches  that  will  allow  fast 
transfer  of  energy  froa  an  energy  storage  tvs ten 
to  the  load  or  transducer.  We  are  currently 
engaged  in  a  research  progras  designed  to  inprove 
the  physical  understanding  of  switching  processes 
for  che  subsequent  developsent  of  an  advanced,  low 
inductance,  fast  rise  else,  command  fired  spark 
gap  switch,  capable  of  operating  at  very  high 
voltages  (MV).  Encouraging  results  toward  this 
goal  have  been  achieved  by  laser  triggered 

switching  1  (LTS) ,  and  by  e-beaa  triggered 
•»  3 

switching  “*  (EBTS) .  This  paper  discusses  an 
investigation  into  e-beaa  initiated  breakdown 
which  leads  to  che  formation  of  a  volume  discharge 
(proportional  to  che  cross-sectional  area  of  the 
injected  bean),  which  hclos  reduce  electrode  ero¬ 
sion  and  switch  inductance. 

The  Experimental  Arrangement 

The  experiment  consists  of  an  energy  storage 
element,  a  gas  insulated,  pressurized  spark  gap, 
and  a  source  of  energetic  electrons.  (Fig.  1). 

The  energy  storage  element  and  the  spark  gap  are 
both  contained  within  the  high  pressure  vessel  of 
the  Ion  Physics  Corporation  FX-15  (Fig  2).  The 
energy  storage  clement  is  a  Van  de  Craaff  charged 
co-axial  line.  It  is  capable  of  producing  a  1  MV 
rectangular  pulse  of  approximately  10  ns  FVHM 
duration.  The  spark  gap  is  formed  by  an  inter¬ 
ruption  in  che  center  conductor  ot  the  line.  The 
stainless  steel  electrodes  have  a  Bruce  oroflle 
and  are  21.5  cm  in  diameter.  The  high  pressure  in- 
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solacing  gas  alio  serves  as  che  dielectric  for 
che  co-axial  line.  The  electron  beaa  la  generated 
by  a  cold  cachoda,  field  caaiesion  vacuus  diode, 
vhlch  la  locaced  behind  the  grounded  electrode. 

1c  la  actually  placed  Inside  the  Inner  conductor 
of  the  output  co-axial  lina,  so  as  to  Introduce 
the  e-beaa  axially  through  a  1"  dlasetar  aperature 
in  the  center  of  the  electrode.  In  ordar  to 
maintain  a  unifora  field  distribution  in  tha  gap 
and  to  protect  the  foil  froa  tha  discharge,  the 
aperature  uas  covered  vith  a  stainless  steel  nesh 
(0.030").  Tha  diode'  (Fig.  3),  designed  and  built 
at  Texas  Tech  University,  utilizes  a  spiral  groved 
graphite  cathode,  and  a  thin  foil  anode.  Graphite 
vas  chosen  because  of  its  fast  "turn  on”  pro¬ 
perties^.  The  diode  vas  designed  to  have  an 
impedance  of  70  .2  to  natch  that  of  tha  driving 
generator.  This  generator  is  a  23  stage  sodifled 
Marx  pulse  forslng  network  (Beds  pulsar)^.  It 
coablr.es  che  voltage  sultlpllcative  feature  of  the 
standard  Marx  circuit  ulth  che  pulse  shaping 
characteristics  of  a  lumped  paraaacer  network. 

The  sequence  of  evancs  in  che  experiaenc  is  as 
follows:  The  Marx  eraccs  to  give  an  output  wave- 
fora  characterized  by  a  230  kV  trapezoidal  pulse 
of  30  ns  FVKM  duration  with  a  4  ns  rlsetlae.  This 
pulse  propagates  down  a  70  0,  oil-filled,  co-axial 
transalsslon  line  and  appears  across  tha  anode- 
cathode  gap  of  the  diode.  The  diode  calcs,  through 
a  2  all.  tlcaalnan  foil,  a  1.5  kA,  200  keV  burst 
of  electrons  ulth  a  0-501  rlsecine  of  1.5  ns  and 
a  duration  of  15  ns.  This  pulsed  beaa  of  elec¬ 
trons  travels  through  1.5  ca  of  the  high  pressure 
aas  before  It  enters  the  spark  gap.  The  Insulat¬ 
ing  gaa  is  ionized  by  electron  iapacc,  resulting 
In  the  subsequent  foroaclon  of  an  ionized  conduc¬ 
tion  path  and  the  collapse  of  che  voltage  across 
the  gap.  The  charged  co-axial  line  of  che  FX-15 
discharges,  and  che  resulting  wave  propagates  down 
a  50  oil-filled  output  cransaission  line,  which 
is  ceralr.aced  in  a  aacching  AlCi.  water  resistor. 
The  outer  conductor  of  che  Marx  Generator  to 
diode  cransaission  line  also  serves  as  che  inner 
conouctor  for  the  FX-15  output  cransaission  line. 
experimental  Approach 

The  characteristics  of  the  spark  gap  breakdown 


investigated  were:  (1)  che  risetiae  of  che  trans¬ 
acted  voltage  pulse,  (2)  the  switch  delay  and 
jitter,  and  (3)  the  spatial  character  of  the 
breakdown.  The  diagnostics  used  ware  open  shutter 
and  screak  photography  to  record  the  character  of 
the  discharge,  and  a  capacitive  divider  probe 
(C^) ,  locaced  in  che  FX-13  output  cransaission 
line,  to  aonlcor  che  voltage  pulse  generated  at 
breakdown. 

The  paraaecera  that  we  varied  during  che  course  of 
our  Investigation  Include:  (1)  The  gap  polarity 
(depending  on  how  che  Van  de  Graaff  was  charged, 
tha  target  electrode  uas  either  positive  or  nega¬ 
tive.  When  charged  positive  che  injected  e-beaa 
uas  accelerated  by  the  initial  electric  field  in 
che  gap,  and  for  ehe  target  electrode  negative  the 
beaa  uas  decelerated),  (2)  the  gap  voltage  (V^ 
was  varied  between  502  and  981  of  che  self-break¬ 
down  voltage  uhleh  ranged  froa  75  kV  to  400kV),(3) 
gas  pressure  (1-3  aca),  (4)  the  type  of  gas  (Mj> 
alxcuras  of  N,  and  Ar,  and  nlxcures  of  S,  and 
SFj) ,  (5)  tha  e-beaa  dtaaecer  (1.25  ca  and  2.50 
ca) ,  and  (6)  che  e-beaa  energy  (130  keV  to  250 
kaV). 

Results 

The  pulse  risetiae  uas  observed  to  vary  with  the 

beaa  energy  and  ranged  froa  2.5  to  3  ns.  The 

larger  value  was  obtained  for  a  beaa  energy  of  150 

keV  and  V  »  100  kV  or.  501  .  The  litter  uas 

g  VSo  ■*'  — 

found  to  be  virtually  identical  throughout  che 
range  of  our  investigation.  Fig.  4a  is  representa¬ 
tive  of  all  jitter  aeasureaents.  There  are  15 
separate,  superlaposcd  traces  of  the  voltage  pulse 
as  aonicored  by  che  capacitive  probe  (C^),  and 
displayed  on  a  Tektronix  519  oscilloscope.  The 
scope  uas  triggered  with  the  signal  froa  the  3 
probe  (3^)  locaced  on  che  diode  cransaiaslon  line. 
The  sweep  speed  was  2  ns/div,  thus,  che  resolution 
is  approximately  0.2  ns  and  che  jitter  can  be  seen 
to  be  no  greater  chan  this  amount.  These  traces 
correspond  to  breakdown  of  a  3.2  ca  gap  in  at 
3  aca.  The  gap  voltage  was  V  *  235  kV  or  94g  '.’sg. 
The  self-breakdown  voltage  uas  250  kV.  The  craces 
in  Fig.  ib  are  further  exanples  of  the  excellent 
Jitter  characteristics.  Wich  all  other  parameters 
identical  to  those  given  above,  the  bean  was 
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injeeced  when  Vg  »  130  kV  or  S2X  Vsg.  Again,  she 
jitter  vns  below  chs  capabllit ic*  of  our  resolu¬ 
tion.  These  two  experiments  ware  conducted  for 
positive  and  negative  polarities,  yielding  identi¬ 
cal  results.  Tbe  delay  vs#  obtained  froa  figure 
S  (a-e),  where  the  B  signal  froa  the  diode  trans¬ 
mission  line  is  delayed  to  appear  after  the  FX-15 
voltage  pule*.  The  delay  tlsc  was  measured  to  be 
52  ns  in  pure  N',,  which  is  consistent  with  pre¬ 
vious  studies^.  The  figure  also  demonstrates 
chat  (for  these  low  voltages  and  pressures)  the 
delay  was  invariant  to  both  the  pressure  and  the 
gap  voltage  (as  a  function  of  the  self-breakdoun 
voltage).  We  should  also  note  chat  these  results 
warn  obtained  with  a  DC  charged  gap;  one  would 
expect  the  performance  to  be  better  for  a  pulse 
charged  gap. 

The  character  of  the  gas  discharge  for  e-beaa 
initiated  breakdown  was  determined  froa  open 
shutter  photographs.  This  is  shown  in  Fig.  6a 
when  Che  target  electrode  was  charged  positive 
and  in  Fig  6b  for  a  negative  charged  electrode. 
These  two  photographs  are  representative  of  the 
spatial  character  ?f  the  discharges  observed 
throughout  the  range  of  our  Investigation.  For 
the  sane  polarity,  the  light  intensity  varied  as 
we  changed  experlaencal  characteristics.  For  dif¬ 
ferent  polarities,  the  cnaraccer  of  the  light 
emission  are  different,  indicating  chat  there  is 
probably  a  difference  in  the  breakdown  processes. 
Note  that  for  both  cases,  the  breakdown  takes  the 
fora  of  a  volume  discharge.  No  localized  spark 
channels  were  seun. 

Fig.  7  demonstrates  the  variation  of  the  discharge 
as  a  function  of  the  e-beaa  dlaseter.  Note  chat 
the  volume  of  the  discharge  is  proportional  to  the 
cross-sectional  area  of  the  injected  beaa. 

Fig.  8  depicts  the  variation  in  the  dlaensions  of 
the  discharge  cross-section  as  a  function  of  the 
energy  of  the  injected  beaa.  The  light  intensity 
is  seen  to  be  significantly  increased  when  a  more 
energetic  beaa  is  Introduced  into  the  gap.  To 
investigate  the  significance  of  this  observation, 
voltage  pulses  for  varying  e-beaa  energy  were 
recorded  (Fig.  9).  The  asplltudc  of  the  pulse  is 


also  observed  to  be  a  function  of  the  beaa  energy. 
These  results  indicate  that  the  degree  of  ioniza¬ 
tion  in  the  discharge  plasma,  hence  the  resistivity 
varies  with  the  beaa  energy.  The  voltage  drop 
across  the  gap  is,  therefore,  a  function  of  the 
e-beaa  energy. 

Streak  photographs  of  the  discharge  are  ehoun  in 
Fig.  10.  Again,  we  can  observe  a  difference 
between  the  cases  of  positive  and  negative  target 
electrodes  in  the  gap.  Preliminary  analysis  indi¬ 
cate  that  the  early  emission  of  light  corresponds 
to  the  actual  breakdown  (the  Clae  duration  is  the 
saae  as  the  voltage  pulse),  and  the  second  ealsslon 
is  the  result  of  the  recombination  process. 

Further  analysis  of  these  observations  are  presently 
being  aade. 

Conclusions 

The  results  obtained  in  this  series  of  experiments 

on  Sr-beam  triggered  switching  are  aimssarized  as 

follows:  (1)  fast  rlseciae  (2.5  ns).  (2)  low 

jitter  (less  than  0.2  ns  for  V  >  50Z  V') ,  and 

S  55 

(3)  volume  discharge.  The  characcerlatlcs  make 
e-beaa  triggered  swicchei  highly  desirable  for 
many  applications. 

The  rlsetiaes  of  the  self-breakdown  and  the  trig¬ 
gered  voltage  pulses  were  virtually  identical,  as 
deaonscraced  by  the  superimposed  traces  shown  in 
figure  11.  This  is  due  to  the  fact  chat  the  pulse 
riscclmes  were  generator  limited  rather  than  spark 
gap  limited. 

The  demonstrated  low  Jitter  (particularly  when 
operated  at  voltages  ucll  below  the  self-breakdown 
voltage),  is  one  of  the  aosc  significant  contribu¬ 
tions  of  this  work.  Small  Jitter  is  crucial  to 
the  successful  operation  of  any  pulse  power  system, 
however,  it  becomes  extremely  critical  in  any 
scheme  that  utilizes  the  simultaneous  discharge  of 
parallel  pulse  forming  lines  into  a  common  load. 
Prefires  can  be  virtually  eliminated,  due  to  the 
ability  of  che  switch  to  function  reliability  at 
low  voltage  levels.  The  diode  and,  therefore, 
the  switch  has  a  very  good  single  shot  reliability, 
which  ellminaccs  most  misfires. 

The  EDTS  breakdown  was  observed  to  take  the  form 
of  a  volume  discharge  (proportional  to  the  size  of 
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the  injected  beaa).  This  large  area  breakdown 
offers  several  advantages  over  ch«  narrow  channel 
breakdown  found  with  aoac  awlcches  (e.g.  ITS). 

These  are:  (l)  The  ESTS  can  be  scaled  up  to  very 
large  area  electrodes  and  transmission  lines  while 
maintaining  a.  low  switch  inductance  (a  particularly 
attractive  concept  is  an  annular  geoaetry),  whereas 
other  switches  cannoc  duplicate  this,  unless 
aultlple,  current-sharing  channels  are  formed. 

This,  however,  is  not  easily  accoaplished.  In  ITS, 
for  example,  cult ip la  channels  can  be  triggered  by 
geometrical  beaa  splicing^,  but.  this  method  has 
optical  alignment  and  maintenance  probleas 
particularly  on  large  systeaa.  This  problem  how¬ 
ever,  can  probably  be  circumvented  by  the  use  of 
fiber  optics^.  (2)  The  voluae  discharge  should 
result  in  a  substantial  lowering  of  the  switch 

4 

Inductance  ,  hence,  faster  rlseclaas.  (3)  The 
voluse  discharge  minimizes  electrode  erosion, 
thereby  enhancing  the  switch  lifetime  and  thus 
promoting  the  possibility  of  developing  a  reliable 
rep-rated  ESTS.  The  recovery  time  should  also  be 
reduced  as  contrasted  to  the  narrow  channel  dis¬ 
charge  case  because  of  the  lower  degree  of  ioniza¬ 
tion  per  unit  voluae. 
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Figure  S: 

Varlatlan  in  the  open  (hotter  photograph* 
of  the  discharge  a*  a  function  of  the 
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Figure  6: 

Variation  is  the  open  shutter  photographs  of 
the  discharge  as  a  function  of  the  polarity 
of  the  target  electrode 


Variation  in  the  open  shutter  photographs  of 
the  discharge  as  »  function  of  the  e-beaa 
cross-sectional  area 
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Fulse  Amplitude  as  a  Function  of  the  E-Beaa  Energy 


Figure  10a 
Positive  Case 


Figure  10b 
Negative  Case 


Fig.  10 

Streak  Photographs  of  E-Beaa  Initiated  Breakdown 


Figure  11: 

Superlcposed  self-breakdown  and  e-beaa 
initiated  breakdown  voltage  pulses 
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Abscracc 

Laser  triggering  of  a  pulse  charted  gas 
switch  la  described.  The  laser  triggering  results 
In  low  Jitter  switching  relative  to  the  timing  of 
the  laser  pulse.  A  novel  feature  Is  the  use  of  a 
Single  elesenc,  Isa,  quarts,  optical  fiber  to 
transale  the  laser  beam.  The  swlech  parameters, 
such  as  gas  pressure,  gas  caaposlclon,  and  laser 
beam  fecal  point  location  have  been  optimised  to 
produce  nanosecond  delay  and  jitter  with  as  little 
laser  power  as  possible.  The  laser  optical  system 
has  been  optimised  for  best  overall  efficiency  in 
a  configuration  suitable  for  Illumination  of  many 
fibers  by  a  single  laser.  Typical  operating  para- 
aeters  for  the  switch  are:  2  cm  gap,  2300  Torr 
pressure,  SOT  Ar  -  SOT  M2  {••  mixture,  and  a 
charging  voltage  of  200  kV.  Laser  power  In  the 
gap  Is  typically  a  few  aegawatts  with  an  overall 
efficiency  greater  than  SOX  far  the  optical  system. 

Introduction 

Laser  triggering  Is  one  of  the  aoac  reliable 
vays  to  trigger  a  spark  gap,  however;  In  order  to 
use  this  technique  the  laser  light  oust  have  an 
optical  path  Into  the  gap.  If  the  laser  and  gap 
are  separated  by  appreciable  distances,  this  path 
could  beesae  awkward  and  present  problems  in  align¬ 


ment  and  exposure  of  the  optica  to  the  environment. 
By  using  an  optical  fiber  to  transmit  the  laser 
light  from  the  laser  to  the  gap,  all  alignment  and 
environmental  problems  can  be  confined  to  the  ends 
of  the  fiber. 

Figure  1  shows  the  experimental  arrangement 
that  was  used  to  Investigate  the  application  of 
fiber  optics  in  this  way.  The  spark  gap  Is  a 
switch  on  a  water  dielectric,  coaxial  31ualeln. 

The  intermediate  conductor  of  the  Slumleln  Is 
charged  by  a  three  stage  Marx  bank.  The  Marx  bank 
has:  C  -  60  of,  V  -  300  kV,  V  -  2700  J,  and 
an  erection  time  of  2S0  ns,  when  fired  into  the 
Slumleln  generator.  The  Blumleln  has:  C  -  6  nf, 
V_  "  2S0  kV,  »  210  J,  and  on  one  shot  at 
2S0  kV  1,4  aC  are  switched  from  the  Slumleln 
through  the  gap.  The  voltage  on  the  Intermediate 
conductor  was  monitored  by  a  capacitive  probe 
located  near  the  gap  (Fig.  1)  and  the  current  In 
the  load  was  monitored  by  a  resistive  probe  In  the 
load  resistor.  A  B  probe  located  behind  the  gap 


Fig.  1  Experimental  Arrangement 


was  used  to  monitor  ch«  gap  breakdown,  while  a 
photodiode  vat  used  to  determine  both  the  laser 
pulse  shape  and  the  tlae  of  laser  firing.  By 
using  these  two  signals,  the  delay  between  the 
laser  entry  into  the  gap  and  the  gap  breakdown  was 
aeasured.  The  laser  light  entered  the  gap  through 
a  hole  In  the  cathode  and  was  focused  onto  the 
anode.  Figure  2  shows  the  optics  chat  were  used 
between  the  laser  and  the  gap.  The  fiber  was  a 
step  Index,  single  strand  of  quart:  with  a  nuaerl- 
cal  aperture  of  .22  and  a  diameter  of  one  ailli- 
aeter.  On  the  output  end  of  the  fiber  light  exists 
with  a  divergence  full  angle  of  18°  at  the  e~* 
prunes.  Since  the  light  diverges  frea  the  fiber, 
an  uncoated  quart:  lens  was  positioned  to  colli- 
aace  this  light  while  another  uncoaced  quart:  lens 
focused  the  light  onto  the  anode  as  shown  in 
Figure  2.  The  light  was  coupled  Into  the  fiber 


otherwise  the  output  divergence  angle  would  in¬ 
crease  significantly. 

A  typical  laser  pulse  had  a  half  width  of 
IS  ns,  an  energy  of  72  ej,  peak  power  of  4.3  MV. 
After  passing  through  the  optical  syscea  and  into 
the  gap,  the  laser  energy  was  45  cJ  and  the  peak 
power  was  2.6  MU.  The  optical  syscea  had  a  crans- 
alsslon  efficiency  of  612  despite  the  fact  that 
three  unr.oaced  lenses,  each  representing  an  82  loss 
were  used.  If  these  lenses  were  coated  the  effi¬ 
ciency  would  Increase  to  782. 

The  ciaing  which  cook  place  In  the  experlaent 
Is  shown  in  Fig.  3.  After  the  Marx  bank  was 
charged,  the  flashlasps  on  the  laser  were  flashed 
and  then  the  Marx  bank  was  fired.  Approxlaately 
ISO  ns  later  the  laser  pulse  entered  the  gap  and 
after  a  certain  delay  the  gap  broke  down. 
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Fig.  2  Optics 

using  an  uncoaced  quart:  lens  to  reduce  the  bees 
dlaaeter.  The  light  was  allowed  to  pass  through 
the  focus  and  diverge  before  entering  the  fiber. 
This  was  done  so  that  the  light  would  not  come  to 
a  focus  Inside  the  fiber.  Ac  laser  power  levels 
which  do  not  produce  surface  damage  on  the  fiber, 
there  was  no  air  breakdown.  Flat  surfaces  on  the 
fiber  ends  were  obtained  by  stripping  the  cladding 
back,  scratching  the  quart:  circunf erenclally ,  and 
then  breaking  the  fiber.  Uhen  ends  prepared  by 
this  method  were  cxaalned  under  a  microscope  the 
surfaces  appeared  to  be  flat  and  saooch  ov<  Z 
of  the  area  with  a  flaw  always  appearing  o < 
edge  where  the  break  finished.  After  breaking 
the  fiber,  It  was  necessary  to  reclad  the  ends, 


Fig.  3  Ti&ing 

Figures  6-6  show  results  obtained  with  n  2  ca  gap 
pressurised  to  2700  Torr  with  different  mixtures  of 
Argon  and  Microgen.  The  graphs  show  rhu  dependence 
of  delay  upon  the  percentage  of  self-breakdown 
voltage  vhieh  appears  across  the  gap  when  the  laser 
enters  the  gap.  The  self-breakdown  voltage  was 
determined  by  firing  Che  Marx  into  Che  5xumlein  and 
allowing  the  voltage  across  the  gap  to  rise  steadily 
until  breakdown  occurred  (Fig.  7a).  Figure  4 
shows  two  curves  which  correspond  to  different  ways 
of  charging  the  Blusluin.  Curve  A  corresponds  to 
data  obtained  when  the  voltage  across  the  gap  rose 
steadily  until  triggering  occured.  Curve  B  of 
Figure  4  and  Figures  5-6  corresponds  to  data  ob¬ 
tained  when  the  voltage  across  the  gap  leveled  off 
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Delay  versus  percentage  of  VSg  for 
a  gaa  alxture  of  a  gas  alxture  of  901 
Ar  and  101  M2*  "A"  shove  data  obtained 

vhen  the  Slualeln  vaa  charged  as  la 
FI;.  Fa.  "8"  shows  data  obtained  vhen 
the  Slualein  was  charged  as  In  Fig.  7b. 


Fig.  5 

Delay  versus  percentage  of  Vgg  for  a 
gas  aixture  of  101  Ar  and  501  M2. 


Fig.  6 

Delay  versus  percentage  of  VSB  for  a 
gas  alxture  of  101  Ar  and  901  M2* 


Fig.  7 

The  els*  dependence  of  the  voltage 
across  the  gap  for  different  charging 
conditions.  (A)  The  voltage  rises 
sceadlly  to  breakdown.  (8)  The  voltage 
levels  off  before  breakdown. 


Fig.  3 

Four  consecutive  Tektronix  519  oscillo¬ 
scope  traces  with  a  horizontal  scale  of 
10  ns/div.  F.T.  Is  a  fast  trigger  pulse 
derived  froa  the  lase  pulse  and  the  trace 
disappears  because  the  §  signal  is  so  fast. 
These  shots  show  nanosecond  Jitter. 
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before  triggering  (tig.  7b).  Figure  4b  shout  that 
in  a  gat  aixeure  of  90Z  Argon  and  102  Nitrogen  the 
delay  rangtd  froa  3  to  11  nt  at  che  percentage  of 
^SS  ran*t(*  *r03  70  Co  50.  In  50*  Argon  and  501 
Nitrogen,  the  delay  ranged  froa  5  co  29  nt  while 
che  percentage  of  \'SB  ranged  froa  75  co  55  (Fig. 
5).  In  102  Argon  and  902  Nitrogen,  che  delay 
ranged  froa  5  Co  33  nt  while  Chc  percentage  of 
V'sa  ranged  froa  93  co  58.  These  graphs  alto  show 
thac  under  che  taae  charging  conditions  che  delay 
ac  a  certain  percentage  of  V*  decreases  as  chc 
concentration  of  Argon  goes  up.  Figures  5  and  6 
alto  thou  breakpolnct  ac  approximately  IS  nt  which 
it  Che  laser  pulse  uidch.  Once  che  later  turns 
off,  che  delay  increases  ac  a  fatter  race  as  che 
percencage  of  VSB  decreases.  Figure  8  shout  four 
shoes  in  101  Argon  and  901  Nitrogen  ac  8SZ  V^3 
which  demonstrate  nanosecond  jiccer. 

In  che  curvet  shown,  all  che  data  were  ob¬ 
tained  with  che  laser  focused  on  che  anode; 
however,  when  the  focus  was  moved  co  che  center 
of  Che  gap,  no  significant  change  in  results  was 
observed.  This  observation  can  be  explained  by 
noting  that  an  image  of  Che  fiber  appeared  at  che 
anode  because  che  fiber  was  not  a  point  source  of 
light.  Under  such  conditions  chc  spot  size  on 
either  side  of  che  focal  plane  changes  slowly. 
Therefore  che  power  density  on  che  surface  of  the 
anode  did  not  decrease  enough  co  sake  a  signifi¬ 
cant  difference  in  triggering  when  che  focus  was 
noved  co  the  cenccr  of  che  gap. 
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Conclusion 

The  results  in  Figures  4-6  deaontcrace  che  sane 
Characteristics  of  laser  triggering  as  presenced 
by  Guenther  and  Betels  thus  proving  chat  it  is 
possible  to  laser  trigger  a  spark  gap  through  an 
optical  fiber  and  obtain  low  delay  and  Jicccr. 

The  fact  chac  che  location  of  che  focal  spot  is 
not  critical  (not  true  in  che  work  of  Guenther 
and  Bettis)  is  probably  due  co  che  bean  divergence 
introduced  by  che  fiber. 

*  On  leave  froo  Tcchnische  Hochschule  Darascvit, 
FRG. 
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Abstract 

Physics  International  Coapany  ha*  designed,  built, 
and  tested  a  3  MV,  low  jlcctr,  triggered  gas 
switch.  Th«  switch  operates  in  a  16.5  fl  coaxial 
puls*  lint.  Th*  system  design  requires  that  th* 
pulst  lint  switch**  perform  th*  difficult  task  of 
first  holding  off  a  reverse  pulst  chars*,  than 
of  holding  off  th*  forward  puls*  chart*,  thn, 
finally,  of  triggering  on  comsiuI.  Th*  crigs«r 
for  th*  switch  1*  s«n*rat*d  by  a  trigger  Man 
plac*d  within  th*  output  puls*  lin*.  Th*  raaain- 
d«r  of  th*  triggering  circuit  include*  a  trigger 
isolation  gap,  A  V/M-cype  trigger  alactrod*  1* 
situated  within  the  nain  gap.  To  data,  th* 
lulteh  ha*  b«en  showa  to  hold  voltage  and  trig¬ 
ger  reliably  for  puls*  charges  from  0.9  MV  to 
2,3  MV.  The  ns  Jitter  of  th*  switch  firing 
tin*  is  less  chan  6  r.s.  Ac  an  operating 
voltage  of  2.5  MV,  th*  sulcch  transfers  a  charge 
of  up  to  0. I  coulomb  per  shot,  with  a  peak 
turrent  of  30  kA. 

introduction 

Physics  International  has  designed,  built  and 
tested  a  3  MV,  low-jitter,  triggered  gas  switch. 
Figure  l  show*  the  sajor  components  of  the  switch 
and  how  they  are  asseabled.  In  tests.  Including 
acre  than  5000  shoes  in  the  M-2  pulser  built  for 
the  PHESMEX  facility  at  Los  Alamos  Scientific 
Laboratory,  the  switch  has  act  all  design  expec¬ 
tations.  In  operation,  the  switch  sees  a 
' 1  -  coa  at)  pulse  charge,  with  the  voltage  rising 
froa  zero  co  peak  in  4S0  ns.  Ve  have  operated  the 
switch  with  pulse  charges  froa  slightly  under  1  MV 
co  approximately  2.5  MV.  Over  the  entire  trigger¬ 
ing  range,  the  total  systea  Jitter,  including  that 

•  Work  perforaed  snder  contract  frea  Los  Alamos  Sole: 


Figure  1  Line  switch  schematic . 

of  :he  triggering  circuit,  is  lea*  than  3  ns. 
Assuming  th*  Jittar  of  the  switch  adds  in  guadra- 
cura  co  that  of  its  triggering  systea,  th*  switch 
jitter  alone  is  less  than  6  ns.  The  self-break 
curve  of  the  switch  (Figure  2)  shows  that  the 


Ficure  2  .Self-break  voltage  versus  pressure. 


Laboratory. 
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twitch  ctn  be  expected  to  operate  veil  co  let 
design  level  of  about  3  KV.  The  M-2  pulsar  as 
a  whole  Is  limited  to  about  2.S  KV,  preventing  our 
testing  the  switch  co  Its  design  Halt. 

The  basic  switch  design  requirement*  were  imposed 
by  the  customer's  specifications  for  the  M-2 
pulser  In  which  the  switch  was  co  operate. 

The  pulser  specifications  of  Interest  are  listed 
in  Table  1,  and  the  overall  configuration  of  the 
pulser  designed  to  meet  Che  specifications  is 
shown  schematically  In  Figure  3.  Each  of  the 
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TABLE  1 

Syscca  Requiremcpcs  for  the  H-2  Fulser 


1.  Output 

2.  Pulse  Duration 

0.6  to  1.5  KV 

I  pula* 

40  i  4  ns 

2  pulses  merged 

3  pulsed  merged 

3.  Bis* time 

<  25  ns 

4.  Jitter 

0  <  8  ns 

5.  Pulse  Separation 

180  na  minimum 

30  Us  maximum 

6.  Reliability 

>  902  of  shots  good 
in  all  raapects 

7.  Kalntenance 

hoc  more  fraquant  Chan 
every  1000  shots 

system  specifications  has  Its  effect  on  the  final 
choice  of  a  switch  design.  For  example,  the  out¬ 
put  voltage  specification  defines  the  voltage 
range  over  which  the  switch  must  operate.  The 
operating  range  Impacts  the  choice  of  the  switch 
electrode  gap,  the  gas  pressure  range  for  the 
switch,  the  type  of  gas  to  be  used,  the  shape  of 
the  switch  housing,  etc.  The  risetime  specifi¬ 
cation  defines  the  minimum  switch  Inductance 
and  thus  puts  restrictions  on  switch  length  nnd 
geometry  as  well  as  on  the  switch  gap  and 
triggering  scheme.  (A  pulse  sharpening  switch 
close  co  the  load  uould  be  no  sean  feat,  since 
ue  have  three  pulses  In  series,  each  of  which 
oust  meet  the  risetime  specification.) 


Desltn  Particulars 

The  design  criteria  for  the  primary  elements  of 
a  high  voltage  switch  are  deeply  Interrelated, 
making  it  totally  lmpoaclble  to  complete  the  de¬ 
sign  of  any  one  switch  component  without  first 
knowing  how  the  rest  of  the  switch  Is  to  be 
constructed.  Switch  design  Is,  therefore,  a 
fundamentally  Iterative  process.  For  clarity  In 
presentation,  however,  che  design  of  Individual 

switch  elements  will  be  discussed,  as  such  as 
possible,  as  Independent  activities. 

The  obvious  place  to  begin  is  the  criterion  uhleh 
forced  che  choice  of  a  gas  rather  chan  a  liquid 
switch.  Stringent  specifications  on  pulse  shape, 
prepulse,  and  Jitter  require  that  each  pulse  line 
be  electrically  Isolated  from  the  adjacent  pulse 
lines.  This  requirement  means  that  the  switch 
capacitance  must  be  small  compared  to  the  pulse 
line  capacitance.  This  can  best  be  accomplished 
by  assuring  that  the  dielectric  constant  of  che 
switch  volume  is  well  below  that  of  the  pulse 
line  Insulator.  For  our  ethylene  glycol  Insulated 
pulse  line,  we  chose  to  make  gas  switches  with 
housings  machined  from  individual  epoxy  castings. 
The  capacitance  with  which  che  switch  couples  che 
nulse  lines  is  roughly  5  x  10"**  fd,  small  compared 
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co  the  pulse  line  capacitance  of  2  x  10  fd. 

The  configuration  of  the  system,  with  the  line 
switches  separating  adjacent  pulse  lines,  imposes 
another  important  restriction  on  switch  design 
(Figure  3).  The  complexities  associated  with 


holding  off  fine  a  reverse  puls*  charge,  then 
f icing,  with  low  Jitter,  at  th«  peak  of  the  forward 
puls*  eharga,  faquir*  that  th«  switch**  hav* 
nearly  symmetric  *l«ccrcd«a  and  a  low-jitter 
trigger  system  (Figure  t).1 

The  reaaining  f«atur*a  of  th«  *l*ctrod<  g«oa*try 
at*  defined  primarily  by  the**  criteria:  nexisua 
voltage  holdoff,  triggering  range,  and  switch  in¬ 
ductance.  Data,  largely  eaplrlcal,  are  available 
on  the  self-break  voltage  of  uniform-field  switch**, 
as  a  function  of  gas  type  and  pressure.-  The  aax- 
iaua  anticipated  pulse  charge  thus  specifies  a 
olnlsua  electrode  gap.  The  triggering  rang*  (the 
switch  suae  be  able  to  fir*  at  voltages  a*  low  as 
10  percent  of  the  eaxisua)  combines  with  the  msx- 
lsua  allowable  inductance  (to  aeec  rise tin*  require¬ 
ments)  in  specifying  the  aaxiaua  allowable  gap. 

One  only  hopes  that,  since  the  maximum  and  ainlaua 
gaps  are  defined  by  different  criteria,  the  aax¬ 
iaua  allowable  gap  is  not  smaller  than  the  ainlaua 
gap.  In  face,  if  the  electrode  dlaaecer  choaen 
Is  coo  snail,  extracting  a  high  inductance  penalty 
per  unit  lengch,  this  can  actually  happen,  'the 
choice  of  electrode  dlaaecer,  therefor*,  la  aad* 
along  with  the  choice  of  the  awltch  gap,  baaed 
primarily  on  inductance  and  holdoff  requirement*, 
to  aeec  chc  25  na  rlaecla*  specification,  the  swicch 
inductance  suae  be  $  200  nH.  The  switch  inductance 
aa  designed  la  **  130  nH  (2  arc  channels). 

Other  details  of  the  shapes  of  the  Individual 
electrodes  are  also  defined  by  considerations 
based  on  the  saxlaua  voltage  holdoff.  For  exaaple, 
in  addition  to  holding  off  voltage  acroaa  chc  gap, 
the  switch  oust  be  resistant  to  cracking  along 
les  surfaces.  The  JASON  coapucer  code  Is  used  to 
calculate  the  electric  fields  near  the  electrodes. 
The  final  electrode  shape  is  chosen  to  produce  a 
field  which:  (l)  is  as  saall  as  possible  at  Che 
Junction  of  the  electrode  with  the  epoxy;  (2)  has 
its  saxlaua  between  the  two  switch  electrodes; 
and  (3)  is  nearly  unifora  within  the  gap  (Figure  4) . 


SO  r 


Figure  4  fKEWffx  twitch  equipotencial  plot. 


The  JASON  code  is  also  used  to  develop  a  housing 
shape  chac  will  be  resistant  to  cracking  along 
ita  gaa-plaacic  interface.  Operating  at  it*  design 
leval  of  3  MV  puls*  charge,  the  component  of  the 
electrode  field  parallel  to  the  gas-epoxy  interface 
reaches  a  maximum  of  130  kV/ca.  Furthermore, 
the  peak  field  is  located  well  awey  f roe  bottoa-daad- 
cencer,  where  debris  might  collect  and  proaoca 
cracking.  The  aechanical  screogth  of  the  housing 
la  checkad  using  MAXC,  a-  finite  eleaenc  cod*  avail¬ 
able  froe  Computer  Data  Corporation,  co  enaure  that 
ths  housing  will  be  able  to  hold  pressures  well 
above  chose  required  fox  normal  operation. 

To  seat  the  requlreeents  on  Jlctar  and  triggering 
ranges,  the  switch  auac  be  triggered,  rather  than 
relying  on  aelf-breaklng.  The  primary  components 
of  cha  triggering  syacea  are  the  trigger  electrode 
aad  the  trigger  isolation  gap  (TIC)  (Figure  1) . 

3och  the  TIC  and  the  trigger  electrode  scick-ouc 
can  be  adjusted  co  opdalre  switch  triggering  and 
holdoff.  The  TIC  serves  the  purpose  of  decoupling 
the  trigger  electrode  froa  the  trigger  Msrx.  which 
supplies  the  actual  trigger  signal.  The  potential 
of  the  trigger  electrode  is  thus  allowed  co  floac, 
as  the  swicch  is  pulse  charged,  co  a  level  which 
alnialzes  its  disturbance  of  the  overall  gap  field. 
When  the  trigger  signal  arrives,  the  TIC  breaks  down 
and  the  trigger  electrode  is  pulled  off  its  "no 
disturbance"  potential.  Ac  this  voltage,  the 
trigger  electrode  has  a  very  large  enhancement, 
screacers  are  launched  froa  the  trigger  electrode. 


and  Ch«  twitch  tap  breaks  down.  Th«  interval 
required  for  this  awitch  to  trlgtar  la  raproduelbla 
to  within  laaa  than  6  na  f or  a  given  pulee  cnarga. 

Several  primarily  mechanical  features  of  the  awitch 
are  of  intaraat.  The  awitch  ccntaina  two  1 solaced 
praaaura  volumes,  ona  for  the  sain  gap  and  trigger 
electrode,  the  other  for  the  TIC.  Thlc  feature  la 
necessary  as  tha  TIC  and  the  sain  gap  are  ewltchaa 
of  different  enhancements  and  aae  dlffarant  voltage 
hiatorlaa.  Tha  svltchea  thua  cannot  he  expected  to 
track  each  other.  Customer  apaciflcationa  require 
that  a  two-paraon  craw  can  remove  a  awitch  and  re¬ 
place  it  with  a  apara  in  not  sore  than  A  houra. 

The  threaded  atalnleea  steel  thrust  nets,  indicated 
in  Figure  1,  saal  tha  switch  and  sake  tha  electrical 

connections  to  the  adjacent  pulse  lines.  The  ale- 
plicity  of  this  actachaent  achese  allows  rapid 
switch  replacement  without  jeopardising  the  voltage 
holding  characteristics  of  the  switch  or  of  the 
pulse  lines,  both  of  which  arc  highly  stressed  at 
full  voltage. 

Conclusions 

The  3  MV  switch,  designed  for  use  in  the  M-2  pulsar, 
has  performed  well  for  sore  than  5000  systea  shots. 
Though  the  switches  carry  peak  currents  as  high  as 
80  kA  and  transfer  as  such  as  0.1  coulosb  per  shot, 
ue  have  seen  negligible  electrode  wear  to  date. 

The  jitter,  holdoff,  triggering  range,  and  induct¬ 
ance  of  the  switch  are  well  within  the  design 
lislts.  It  nay  be  poealble  to  use  the  twitch  with¬ 
out  significant  design  changes  in  other  high  volt- 
age  systems.  Furthermore,  the  succcas  of  this 
switch  design  provides  Information  that  will  be 
of  assistance  in  the  design  of  other  high  volt¬ 
age  switches.  Switch  operating  characteristics 
are  summarised  in  Table  2. 


TABLE  2 

Switch  Farasecers  and  Characteristics 


Operating  Range: 
Trigger  Voltage: 
Pressure  Range: 

Main  Electrode  Cap: 
External  Dimenalons: 

Faak  Field  (gaa-epoxy 
interface): 

Switch  Inductance: 


-  900  kV  to  ~  3  MV 
~  250  kV  pulse 

to  175  palg  (SFj) 

7  cx 

36  inch  diameter 
20  inches  thick 

130  kV/cs  at  3.0  MV 

-  130  nS 
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Abstract 


A  multistage,  4  MV,  low  jieecr,  command  crlggarsd 
gat  twitch  it  being  developed  for  ute  on  large 
pulte  power  devlcee.  Experiments  co  dace  have 
shewn  chac  Che  performance  and  operational  life  of 
Che  avlcch  are  severely  Halted  by  aechanleal  and 
eleecrical  failure  of  the  lntulacing  houting. 
Eacisacet  of  che  Internal  overpretture  produced 
during  swlcch  cloture  have  been  aade  which  Indicate 
che  tevcrlty  of  che  blatc  concalnaent  probiea;  chit 
Information  hai  led  Co  che  development  of  a  oechan- 
lcally  tcronger  twlcch  detlgn.  Surface  analyaea 
performed  on  boch  twlcch  electrode  and  insulator 
aurfaces  were  uted  co  lnvetclgete  obteeved  elec¬ 
trical  failure  of  che  lneulacort.  A  layer  of 
clotely  tpaccd  metal  parclclet  were  found 
labedded  In  che  Inaulacor  walla. 


Introduction 

During  che  pate  year  and  a  half  che  Naval  Surface 
Weapone  Center,  White  Oak  Laboratory  (HSWC/WOL) , 
and  Pultar  Atioclacet,  Inc.  (PAI)*,  have  cooperated 
on  che  development  of  a  4  MV,  low  jlccer,  contend 
triggered,  gat  swlcch.  The  fully  developed  switch 
is  Intended  for  use  on  high  power,  tingle  pulse 
devices  and  cesclng  has  been  performed  on  che 
Defense  Nuclear  Agency's  Casino  nuclear  weapons 
effaces  simulator.  Ac  pretenc  che  Casino  simulator 
has  four  chree-eleccrode  wacer  switches  which  each 
transfer  a  nominal  100  kj  from  four  2.51)  pulse- 
forming  lines  lnco  sacched  loads.  The  gas  switches, 
when  fully  operational,  will  be  used  co  replace  che 
wacer  switches. 

There  are  several  reasons  why  operable  gas 
switches  would  be  preferable  co  che  existing  wacer 
switches.  First,  recenc  coepucer  studies  of  switch 
parameters  indicate  that  wacer  svicchea  are  in¬ 
herently  more  resistive  snd  suffer  from  time 
dependent  capacitive  coupling  effects.  Therefore, 
wacer  switches  have  a  substantially  greater  loss  In 
delivered  power  and  energy  chan  chose  with  a  gas 
dielectric.  Second,  gss  swlcches  can  be  operated 
with  less  Jlccer,  an  Important  consideration  when 
synchronization  Is  requited.  Third,  the  mechanical 
shoe*,  associated  with  switch  closure  is  considera¬ 
bly  less  with  a  gas  dielectric  switch.  Reduction 
af  mechanical  shock  lengthens  boch  switch 
and  machine  lifetimes.  Fourth,  current  distribution 


•Pulsar  Associates.  Inc. 
11491  Sorrento  Valley  Road 
San  Diego,  California  92121 


In  gas  switches  Is  more  controllable  chan  In  water 
switches;  therefore,  switch  Inductance  and  resist¬ 
ance  exhibit  lest  ahoc-to-shoc  variation. 

The  design  goals  for  che  gas  switch  development 
are:  (1)  a  maximum  hold  off  voltage  of  4  MV  with  a 
pulseline  charge  time  of  1.5  uaec,  (2)  a  transfer 
of  .05  coulomb  and  100  kj  In  a  single  pulse, 
and  (3)  a  command  trigger  with  a  maximum  Jitter 
of  lesa  chan  10  ns.  Presently  there  are  no  ,  j 
swlcches  which  meet  all  of  theta  requirements.*' 

Description  of  Swlcch 

Figure  1  illustrates  the  design  of  a  single  section 
of  che  multistage  swlcch  tested  at  Casino.  Switch 
voltage  is  squally  divided  across  each  stage  (with¬ 
in  five  percent),"  an  arrangement  chac  gives  the 
maximum  volcage  hold  off  for  the  multistage  switch 
configuration  for  a  fixed  gas  pressurs.  Several  gas 
dielectric*  have  been  cried.  An  equal  part  mixture 
of  sulfur  hsxafluoride  and  argon  has  beta  found  to 
give  most  satisfactory  rtsulcs  In  terms  of  di¬ 
electric  strength  and  cleanliness. 

Various  triggering  schemes  have  boen  employed  co 
ccacand  fire  the  gas  switches;  howaver,  all  chs 
methods  have  used  che  same  fundamental  design.  A 
high  voltage  signal  Is  input  »t  the  positive  end 
of  the  swlcch  producing  ultraviolet  Illumination 
of  the  negative  electrode.  The  lllumlnaced  elec¬ 
trode  emits  electrons  which  initiate  rapid  closure 
of  the  triggered  stage.  An  annular  electrode  con¬ 
figuration  allows  the  ultraviolet  radiation  produced 
by  the  closure  of  the  triggered  gap  to  radiate  the 
second  stage.  Each  succeeding  stage  is  lllumlnaced 
by  the  preceding  gap  In  the  same  manner  until  the 
entire  switch  is  closed. 

The  entire  swlcch  column  assembly  was  rigidly 
connected  at  the  positive  ouepue)  end  at  che  swlcch. 
At  che  opposite  end,  che  switch  columns  were  attached 
to  a  place  which  was  electrically  connected  by 
several  shore,  braided  scraps.  This  cantilevered 
swlcch  assembly  allowed  shifting  of  the  pulseline 
and  transformer,  when  transmission  line  fluids 
were  transferred,  without  creating  stresses  In  che 
switch  components.  Figure  2  shows  location  and 
mounting  of  the  swlcch  assembly. 

lllumlnaced,  multistage  switches  of  similar  - 
design  have  demonstrated  low  Jitter  operation. 

The  maximum  voltage  che  switch  Is  able  to  sustain 
is  determined  by  switch  length,  i.e.,  the  number 
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of  stages  employed. 

Discussion  of  Mechanical  Failure  la  Gas  Switch 
The  first  gas  switch  tasted  at  Caalno  had  2.5 ea 
diameter  bras*  electrode*  and  an  acrylic  Insulator 
2.4  ea  In  length  and  5  ca  in  dlamecar.  The  entire 
aultch  aaaeably  consisted  of  six  parallel  columns, 
each  vlth  IS  stages,  evenly  spaced  on  a  25  ca 
disaster  bolt  circle.  This  configuration  provided 
about  5  ns  isolation  between  adjacent  coluens 
which  was  intended  to  fore*  all  of  theo  to  share 
currents  equally.  Unfortunately,  slaultancous 
closure  of  the  coluens  did  not  consistently  occur. 
The  one  colusn  coat  transferred  all  the  energy 
catastrophically  failed  even  ac  modest  voltages 
(2.5  MV) . 

The  prlaary  failure  mode  was  fracturing  of  the  tie 
rods  caused  by  the  axial  expansion  of  the  switch 
column  produced  by  the  large  gas  pressures  gen¬ 
erated  bv  the  are.  Axial  expansion  of  the  switch 
colusn  occurred  becausa  of  deforaacion  of  the 
assembly  end  place  located  ac  the  pulseline  end 
of  the  switch.  Insulators,  usually  the  ones  located 
at  both  ends  of  the  collar;],  were  also  destroyed  as 
the  unbroken  tie  rods  would  rapidly  restore  the 
coluan  to  its  original  length. 

Although  an  occasional  failure  would  be  produced 
by  a  water  arc  occurring  outside  the  switch  column, 
Dost  were  caused  by  internal  pressures  generated  in 
the  gas  by  the  passage  of  large  switching  currents. 
The  asounr  of  energy  deposited  in  the  switch  is 
difficult  to  measure,  but  calculations  indicate 
that  energies  of  30  kj  (peak  current  of  500  kl) 
are  deposited  in  the  switch  in  about  .5  Usee. 

These  calculations,  together  with  an  estimate  of 
an  equation  of  state, for  the  gas,  lead  to  a 
prediction  of  9.5x10  Pa  (KOOpii)  for  peak  switch 
pressures.  Containment  of  dynamic  pressures  of 
this  magnitude  required  a  redesign  of  the  original 
switch  hardware.  Two  different  approaches  were 
used  to  prevent  the  occhanlcal  failures. 

KSUC/WAL  tested  several  plastics  to  determine 
which  materials  were  most  compatible  for  switch 
Insulator  and  tie  rod  use.  Four  types  of  plastics 
(high  molecular  weight  polyethylene,  polypropylene, 
acrylic,  and  polycarbonate)  were  studied  for 
insulator  use.  Each  of  the  plastics  were  pressure 
tested  under  static  and  dynamic  loading.  Both  the 
polyethylene  and  polypropylene  were  found  to  distort 
sufficiently  under  pressure  to  cause  o-rlng  seals  to 
be  broken.  Furthermore,  the  polyethylene  eroded 
badly  due  to  surface  cracking  during  electrical 
tests  performed  on  Casino.  The  polycarbonate 
Insulators  were  found  to  survive  static  and 
dynamic  pressure  tests  of  up  to  7.4xl07Pa  (llOOpsi), 
while  the  acrylic  plastic  failed  ac  static  pressures 
as  low  as  3.4x10  Pa  (500psi)  after  cycling. 

A  glass-reinforced  polycarbonate  (30*  random- 
oriented  glass  fiber,  70X  polycarbonate  resin) 
was  tested,  both  for  strength  and  electrical 
properties,  as  a  possible  tic  rod  material.  It  was 
found  that  the  glass-filled  polycarbonate  tie  rods 
exhibited  much  less  elongation  and  failed  at  about 
Che  same  tensile  stresses  as  the  pure  polycarbonate 
samples.  Pulse  testing  on  Casino  revealed  no 
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electrical  failure  when 
where  inpreaacd  across  v, 
built  a  three  column  swlu 
the  glass-filled  polycarb. 

5  cm  ID,  lexan  insulators, 
was  clamped  between  two  1.3 
that  were  held  by  three  5  ca  (2")  diameter  poly 
carbonate  tie  bolta  to  prevent  the  switches  from 
axially  expanding.  With  this  arrangement  the  switch 
has  been  opersced  at  voltages  up  to  4.2  MV  with  all 
energy  transferred  through  one  switch  column  with¬ 
out  mechanical  failure.  During  these  higher  voltage! 
test  switch  current  was  sufficient  to  melt  electrode 
solder  Joints  and  electrodes  had  to  be  welded  to 
the  electric  grading  tin  for  support. 


PAX  built  s  single  coluan,  10-stage  switch  that 
lncrcar  d  the  acrylic  insulator  length,  inside 
diameter,  end  wall  thickness  by  a  factor  of  two. 

By  increasing  the  switch  coluae  by  a  factor 
of  eight  the  pressures  ac  the  lnaulator  wall  were 
greatly  reduced.  The  pure  polycarbonate  tic  rods 
were  also  doubled  In  diameter.  This  single  switch 
exhibited  no  mechanical  failures  during  testing  of 
voltage  up  to  4  MV. 

Both  designs  worked  tatlafaccorily  in  stopping  the 
failure  of  the  column  Insulators  and  tie  rods  due 
to  the  overpressure.  The  single-column  design  Is 
more  inductive  than  the  six-column  switch,  but 
because  the  insulating  surface  was  coved  further 
froe  the  arc  path  it  is  likely  to  exhibit  longer 
switch  life.  A  single  column  switch  has  been  used 
in  all  subsequent  testing. 


Discussion  of  Insulator  Electrical  Failure 
After  the  switch  assembly  was  designed  so  that  it 
no  longer  exhibited  mechanical  failures,  It  was 
discovered  thee  the  maximum  hold  off  voltage  of  the 
awicch  degraded  with  switch  use.  For  a  given  gas 
pressure  setting  the  voltage  at  which  the  awicch 
would  close  without  comoand  trigger  decrease  as 
much  as  1.5  MV  over  a  ten-shot  firing  sequence. 

Since  low  jitter,  command  trigger  operation  requires 
the  voltage  across  the  switch  ac  the  time  of 
trigger  arrival  to  be  within  about  102  of  the  self¬ 
breakdown  voltage,  it  was  not  possible  to  make 
jitter  measurements. 

Inspection  of  the  insulator  walls  showed  chat 
faint  tracks  bridged  the  length  of  some  of  the 
insulators.  Figure  1  indicates  location  of 
wall  tracks.  It  was  evident  that  little  energy 
was  actually  transferred  along  the  Insulator  wall 
because  of  the  lack  of  damage  found  on  either  the 
insulator  or  the  adjacent  grading  fin.  Apparently 
current  passing  along  the  inside  wall  acts  as 
trigger  mechanism  for  the  associated  electrodes. 
Initiation  of  the  main  gap  closure  may  occur 
because  of  imbalance  of  the  electric  field  at 
electrodes  due  to  the  surface  tracks  causing 
asymecric  field  distortion.  Another  possible 
mechanism  is  the  generation  of  ultraviolet 
radiation  at  the  Insulator  wall  chac  illuminates 
the  electrode. 


Attempts  to  stop  the  sliding  sparks  by  convolutlng 
the  inside  insulator  wall  did  not  have  any  measura¬ 
ble  effect.  The  surface  contours  required  that  the 
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sliding  sparks,  scarring  ac  grading  f ln-lnsulacor- 
gas  triple  polnc,  would  have  co  reverse  direction 
agalnsc  cha  potential  gradient.  Furchesore,  the 
convolutions  were  designed  so  chat  blast  and  ultra¬ 
violet  radiation  from  the  sain  gap  closure  uere 
not  directly  incident  at  the  triple  point.  Experl- 
aencs  on  Casino  showed  chat  the  cracking  sdll 
occurred  with  cracks  passing  directly  across  the 
convolutions. 

Tests  of  a  single  stage  of  a  switch  ac  coaparable 
voltages,  but  auch  less  transferred  energy  than  ac 
Casino,  were  conducted  at  ?AI.  .Vo  decrease  in  cha 
insulator's  maximum  voltage  hold  off  were 
observed.  These  results  indicated  chat  insulator 
breakdown  phenomena  is  energy  dependant. 

It  was  hypothesised  that  the  source  of  the  insulator 
electrical  failure  was  due  to  one  or  aora  of  the 
following:  concaalnaclon  from  by-products  formed 
by  the  electrical  breakdown  of  the  sulfur  hexafluo¬ 
ride  used  ae  the  lnaulaclng  gas®;  ultraviolet  radia¬ 
tion  charged',  causing  insulator  surface  co  bacoae 
charged;  micro-fracture*  of  cha  insulator  formed 
by  the  dynamic  overpressure  of  cha  arced  insulating 
gas;  insulator  surface  erosion  by  hoc  gases  creating 
a  microscopic  surface  structure  that  is  electrically 
weaker;  or  electrode  saterial  being  plated  on  the 
insulator  surface.  To  test  these,  hypothesis  samples 
of  the  insulators  were  sene  for  surface  analyses.*1 
The  insulators  analyzed  included  unused  plasclc, 
heavily  and  llghcly  cracked  insulators,  and  used 
insulator  with  no  observable  insulator  cracks. 

Scanning  Electron  Microscopy  (SEM)  was  used  to 
shou  insulator  inner  wall  topography.  Figure  3 
shows  a  coaparlson  of  the  surface  of  an  unused 
insulator  and  one  exposed  co  several  svltch  closures. 
There  is  an  obvious  difference  in  the  concaalnaclon 
level  between  the  two  insulators. 

Transalssion  Electron  Microscopy  (TEM)  was  used  co 
provide  high  magnification  (up  co  SO.OOOx)  of  the 
insulators  internal  structure.  A  chin  section 
("-1000A  chick)  TEM  alcrograph  is  shown  in  Figure 
4.  T>ie  alcrograph  shows  opper  and  zinc  deposits 
(black  docs)  labedded  in  the  insulator  surface. 

The  size  of  these  particles  range  from  about  250A 
co  1000A  In  diasecer.  No  stress  cracks  were 
observed  in  the  body  of  the  insulator  indicating  a 
lack  of  obvious  structural  damage  due  to  blast. 

The  inside  surface  of  the  insulators  were  analyzed 
by  Energy  Dispersive  Electron  Probe  Mlcroanalysls 
sEDX)  co  dcceraine  the  sain  eleaental  components 
several  alcrons  into  the  surface.  These  tests 
results  shoved  the  presence  of  copper  and  zinc  on 
all  used  insulators,  with  the  cracked  insulators 
exhibiting  the  largest  amounts.  The  quancicy  of 
copper  and  zinc  were  found  to  be  approximately 
equal;  a  finding  that  is  consistent  with  the  lower 
energy  requirement  for  the  vaporization  of  zinc  and 
the  approximate  2.5  to  one  concentration  superiority 
of  copper  in  che  brass  electrodes. 

Electron  Scan  for  Chemical  Analysis  (ESCA)  was 
used  to  measure  the  insulator  surface  properties 
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to  a  depth  of  about  20A.  The  advantage  of  ESCA 
Is  chat  it  not  only  detects  the  elements  present  but 
also  indicates  the  types  of  chemical  compounds 
formed.  While  considerable  fluorine  was  found  on 
che  used  insulator  surfaces,  the  analysis  showed 
chat  che  oxidation  scaces  of  the  copper  and  zinc 
were  noc  due  co  chat  element.  Also,  very  llccle 
free  sulfur  was  found  on  che  surface  of  che 
insulator.  These  results  imply  chat  che  breakdown 
of  SF.  was  noc  likely  the  cause  of  cha  insulator 
failures. 

The  brass  electrodes  were  analyzed  by  Scanning 
Auger  Microscopy  (SAM).  These  teats  gave  the  some¬ 
what  suprising  result  chat  on  the  used  electrode 
surface  che  ratio  of  copper  co  zinc  was  approximately 
ona  co  ona  rather  clvan  2.5:1  deeper  (M00A)  into 
che  metal.  The  higher  zinc  concentration  is  caused 
by  the  preferential  oxidation  of  che  zinc  ac  cht 
surface.  The  oxldacion  of  che  zinc  causes 
a  diffusion  gradient  which  leads  co  an  enhancement 
of  zinc  ac  the  surface. 

All  che  surface  analyses  results  polnc  coward 
deposition  of  metal  electrode  particles  on  che 
insulators.  It  cannot  be  directly  proved  chat  the 
metal  particulate  Is  che  cause  of  electrical 
failure  of  che  insulators.  However,  che  extensive 
aecalizaclon  found  by  che  surface  analyses  will 
limit  switch  life  and  should  be  suppressed. 

Conclueiona 

Design  considerations  of  gas  switches  to  be  used  in 
high  voltage.  Urge  power  syscems  must  cake  into 
account  the  sizable  energy  chat  is  dissipated  In 
che  switch.  To  reduce  che  likelihood  of  mechanical 
failure  the  best  approach  appears  co  be  to  Increase 
che  volume  of  che  gas  uhleh  lessens  peak  pressures 
zo  be  withstood  by  che  switch  components.  Con¬ 
sideration  of  che  energy  scored  in  che  pressurized 
gas  should  be  made  so  chat  a  break  of  che  switch 
housing  does  noc  result  In  major  damage  co 
surrounding  equipment. 

Surface  analyses  comparison  of  used  and  unused 
insulators  Indicate  a  substantial  placing  of 
electrode  material  on  che  lnsulacor.  Two 
approaches  are  suggested  for  preventing  che 
metal  placing  on  che  lnsulacor:  firsc,  a  change 
In  che  electrode  material  from  brass  co  a  cungscen- 
copper  composite  may  substantially  reduce  this 
effect,  second,  che  use  of  mechanical  shields  which 
do  noc  allow  a  direct  line  of  sight  from  the  arc 
gap  to  the  Insulator.  Designs  incorporating  both 
of  these  features  arc  being  readied  for  testing. 
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Fig.  2.  Experimental  arrangement  used  for  testing 
gas  switches  on  the  Casino  simulator. 


Fig.  4.  TD1  micrograph  (50.000X)  cross-sectional 
view  of  Insulator  exposed  to  ten  switch 
closures.  Slack  docs  along  the  Insulator 
surface  are  copper  and  tine  particles 
which  originate  from  the  brass  electrodes. 
Insulator  structure  lies  co  right  of  nets! 
particles. 
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ABSTRACT 

A  new  enargy  score,  cha  Companaaced  Pulstd 
Alcarnacor  (CPA),  proalsos  co  ba  a  cose  afftedv* 
subsclcuea  for  capacicors  co  drive  flaahlamp*  ehac 
puap  large  I.'d:  glass  lasers.  Because  cha  CPA  Is 
large  and  discrece,  lc  will  ba  necessary  chac  lc 
drive  aany  parallel  flashlaap  circulcs,  prasancing 
a  problaa  In  equal  curranc  distribution.  Curranc 
division  co  z  20X  baevaan  parallel  flashlaupa  has 
been  achieved,  buc  chls  la  sarglnal  for  laser 
pusping.  A  sachod  is  praaencad  hare  chac  provides 
equal  currenc  sharing  co  abouc  IT,  and  lc  includes 
fused  protection  againsc  shore  clrcuic  fault*.  Th* 
sechod  vas  caacad  vich  elghc  parallel  circulcs, 
Including  both  open-clrculr.  and  shorc-clrculc  faulc 
eases. 

Introduction 

The  new  Sova  solid  scace  laser  will  require  an 
energy  storage  syscea  of  ac  lease  100  MJ  size  co 
drive  che  5  Co  10  thousand  flashlanp*  chac  vill 
puap  che  glass.  This  cype  of  distributed  load  is 
normally  driven  with  an  equally  distributed  energy 
score  -  nasely  a  capacitor  bank  of  sany  nodules. 
Alternative  scores  co  capacicors,  such  as  che 
conpensaccd  pulsed  altemaeor,  are  only  practical 
in  large  single  sizes,  however,  so  Che  requlrenenc 
exists  co  learn  how  to  drive  aany  parallel  flash- 
lanps . 

rlashlanps  arc  nonlinear  resistive  loads  vlch  a 
resistance  chac  decreases  as  che  currenc  through 
then  Increases.  Equal  currenc  sharing  vlll  there¬ 
fore  noc  necessarily  be  achieved  uhen  che  laeps  are 
operated  in  parallel.  Inall^  has  demonstrated 
parallel  operacion  of  16  flashlanp  circuits  vlch 


equal  currenc  sharing  co  within  202,  provided  all 
leaps  arc  properly  prelonlzad.  In  this  paper,  ve 
report  upon  a  aiapla  sachod  using  inductors  vlch 
raacclng  sucuals  in  aach  leap  circuit,  chac  pro¬ 
vides  parallel  curranc  sharing  within  abouc  one 
percent.  Th*  sachod  requires  no  special  pra- 
lonlzacion  circuitry:  laap  triggering  is 
accomplished  with  Cha  LC  rlngup  between  cha 
induccor  and  che  laap  cabl*  capacitance. 

Siiegarv  of  Results 

An  experimental  syscea  vas  constructed  in  which 
alghc  parallel  flashlaap  circulcs,  ware  driven 
by  a  single  200  kj,  20  kV  capacitor  bank.  Each 
clrcuic  comprised  two  sari**  44-inch  long,  15-aa 
bore,  xenon  filled  flashlaap*,  a  fuaa,  and  an 
induccor.  Mich  an  lnduccance  of  112  uH  in  each 
circuit,  equal  currenc  division  co  abouc  42  was 
achieved.  When  inductors  were  stacked  together 
so  chac  che  aucuals  subtracted,  chey  becaaa 
balancing  reactors.  With  chls  arrangeeenc,  currenc 
division  within  aeasureaenc  error  (t*  12)  vas 
achieved  and  che  effeccive  series  inductance  in 
each  circuit  dropped  co  abouc  15  uH. 

Open  circuit  cescs  were  also  aade.  When  one  of 
che  flashlaaps  vas  disconnected,  che  remaining 
seven  circulcs  shared  che  full  bank  energy,  and 
balancing  was  achieved  as  before. 

The  worse-case  unbalance  occurs  uhen  a  flashlanp 
breaks  and  che  circuit  becoDes  shorted.  Tula  case 
was  simulated  vlch  a  deliberate  shore  in  place  of 
che  lanp.  With  a  112  uH  inductor  in  each  circuit, 
the  currents  in  cha  seven  normal  circuits  balanced 
well,  buc  che  current  in  tic  shorted  cirruic  rose 
at  three  tines  the  noninal  value  until  the  fuse 
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burst.  The  energy  dissipated  by  che  fused  shorccd 
circuit  was  about  1.5  to  3  tines  the  nornal  value 
depending  on  the  fuse  size. 

Parallel  flachlaap  operation  has  therefore  been 
denonstraced.  Series  inductances  work  well  but 
balancing  reactors  provide  Che  nose  unifora 
current  sharing.  If  a  flashlanp  falls  to  fire, 
che  remaining  leaps  share  its  energy.  In  a  laser 
aapllfler  this  would  be  advantageous,  since  che 
puaplng  efficiency  would  Chen  reaaln  virtually 
unchanged.  A  shorted  circuit  can  be  protected 
adequately  with  a  fuse.  It  will  reduce  the  energy 
delivered  to  che  ocher  leaps  by  up  to  three  class 
its  norcal  share.  In  a  large  syscea,  however, 
this  amount  of  energy  loss  would  be  insignificant. 

Test  Configuration 

The  test  circuit  schematic  is  shown  in  Fig.  1. 

Each  of  che  eight  circuits  comprised  eight 
parallel  14.5  l)F  capacitors;  however,  all  eight 
circuits  were  connected  together  at  che  charge 
resistors  (Point  A  in  Fig.  1)  as  shown,  effective¬ 
ly  forming  a  single  923  UF  capacitor  bank. 

•wm 

m.i-  — . 


rig.  1:  Test  Circuit  Schematic 


During  che  experiment,  che  pulse  shaping  inductors 
were  varied  froa  450  nil  to  112  UK.  For  the  final 
phase  of  testing,  these  inductors  were  placed  in 
parallel  by  additionally  connecting  the  eight 
circuits  together  between  the  inductors  and  out¬ 
put  fuses  (Point  B  in  Fig.  1).  For  this  case 
balancing  reactors  of  15  uU  were  inserted 
directly  at  the  flashlnaps.  Tho  sparkgaps  pro¬ 
tecting  the  inductors  were  sec  at  4G  kV.  The 


fuses  protecting  the  capacitors  were  700  A/1.5  msec 
and  the  output  futes  were  5000  A/1. 5  msec  or 
7000  A/1.5  msec  depending  upon  che  teat  performed. 

Circuit  performance  waa  monitored  by  mcaaurlng 
currenta  via  four  Pearson  4301X  probes  and  re¬ 
cording  these  waveforms  on  a  Tektronix  5441 
oscilloscope  with  a  four  channel  input.  These 
current  probes  are  useable  to  50  kA.  Photographs 
'  of  scope  traces  were  taken  to  preserve  che  data. 

Procedure 

The  first  test  demonstrating  parallel  operation 
used  a  450  uH  pulse  shaping  inductor  in  each 
circuit.  The  inductor's  value  was  halved  twice: 
first  to  225  and  then  to  112  ult.  For  each  in¬ 
ductor  value  a  number  of  shots  were  taken  at 
voltages  ranging  from  16  to  22  kV.  In  order  to 
view  all  eight  flashlanp  currents  on  a  single 
shot,  two  circuits  were  strung  through  each 
Pearson  probe.  Then  each  waveform  waa  Che  sum  of 
two  currents. 

Special  caaes  of  one  circuit  open  and  one  circuit 
shorted  were  investigated.  To  simulate  a  shorted 
flashlanp  circuit,  one  series  pair  of  lamps  was 
replaced  by  a  hard  wire  short.  Open  circuits 
were  simulated  by  opening  one  circuit  at  point  "B", 
Fig.  1.  Open  circuit  testa  were  performed  with 
112  uH  inductors,  and  with  lnclal  charge  voltages 
of  16  to  18  kV.  Short  circuit  tests  were  performed 
with  two  sizes  of  output  fuses  (5000  A  and  1000  A) 
and  with  112  UK  inductors  at  an  initial  capacitor 
charge  voltage  of  16  kV.  A  short  circuit  test  was 
also  performed  sc  20  kV  with  a  5000  A  fuse  output 
and  112  uH  inductors. 

The  pulse  shsplng  inductors  were  then  connected 
together  by  paralleling  the  circuits  at  point  B, 
Fig.  1.  The  test  circuit  then  comprised  one  large 
capacitor  (928  uF),  one  inductor  (14  pH),  and 
eight  parallel  flash.t~mp  circuits.  Balancing 
reactors  were  uned  in  each  flashlomp  circuit. 

Xhsse  were  nominally  44  uH  pancake  Inductors  chat 
were  sf  .eked  together  in  alternate  fashion  jo  that 
adjacent  mutuals  subtracted.  Two  of  these 
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Inductors  ware  paralleled  for  each  circuit.  7h« 
resulting  series  inductance  in  each  circuit  was 
IS  uH.  formal  operation  and  one  circuit  open  teats 
were  run.  A  short  circuit  test  was  not  possible 
due  to  current  limitation*  on  the  balancing  re¬ 
actors. 

Test  Results 

Selected  current  waveforms  from  tests  that  used 
series  inductors  for  current  balancing  are  given 
in  Fig.  2.  Short  circuit  test  waveform*  arc  given 
in  Fig.  3.  and  waveforms  of  tests  using  balancing 
reactors  are  given  in  Fig.  4. 

Current  Balancing  via  Series  Inductors 
Tests  with  450  uH,  225  uH,  and  112  uH  series  in¬ 
ductors  in  each  of  the  eight  flashlaap  circuits 
demonstrated  a  maximum  currant  imbalance  of  about 
42.  The  case  with  the  greatest  imbalance  (112  pH) 
is  presented  in  Fig.  2.  Figures  2a  and  b  each 
show  four  traces  with  two  circuits  per  trace,  and 
normal  operation  (no  opens  or  shorts).  In  Fig.  2a 
the  capacitors  are  charged  to  16  kV,  giving  120  kJ 
for  the  8  circuits.  Figure  2b  is  with  22  kv  charge 
and  225  kJ  total. 

Figure  2c  Is  16  kV  (120  kJ)  and  one  circuit  open. 
Three  of  che  traces  have  two  live  circuits  each, 
showing  good  balancing.  The  single  trace  with  only 
one  live  circuit  shows  Just  half  che  current  of 
the  others.  Thus  che  current  divides  properly  in 
all  seven  active  circuits.  Analysis  shows  that 
the  average  energy  dissipated  by  each  circuit  is 
Just  3/7  of  that  dissipated  by  che  normal  case 
when  all  eight  circuits  are  active  (Fig.  2a). 

Short  Circuit  Tests 

Figures  3n  and  b  are  short  circuit  tests  at  16  kV 
charge  and  with  112  pH  balancing  inductors.  In 
each  picture,  three  circuits  are  strung  through 
each  of  two  of  che  Fearson  probes.  A  single 
normal  circuit  is  strung  through  che  chlrd  probe 
and  the  shorted  circuit  chrough  che  fourth.  In 
each  case,  analysis  shows  chat  all  seven  normal 
circuits  balance  well  (within  a  few  S).  The 
shorted  circuit,  however,  draws  about  three  times 


che  current  of  che  ocher  circuits  until  the  fuse 
blows.  The  7000  A/1.5  msec  fuse  (Fig.  3a)  blows 
at  22  kA,  and  che  5000  A/1.5  msec  fuse  (Fig.  3b) 
blows  at  15  kA. 

In  the  first  case,  the  energy  dissipated  by  the 
shorted  circuit  was  about  40  kJ  instead  of  che 
normal  15  kJ.  In  the  second  case,  with  the 
smaller  fuse,  about  29  kJ  instead  of  15  kJ  were 
dissipated  by  che  short.  A  chlrd  short  circuit 
test  (not  illustrated)  was  made  with  che  smaller 
fuse,  and  with  che  bank  charged  to  20  kV  (190  kJ). 

In  this  case,  che  fuse  blew  at  17  kA  and  che 
shorted  circuit  dissipated  34  kJ,  instead  of  che 
normal  24  kJ. 

.N’oca  that  che  energy  dissipated  by  a  shorted  cir¬ 
cuit  would  be  a  very  small  fraction  of  the  energy 
in  a  large  parallel  lamp  system.  Since  the  fuse 
limits  the  energy  dissipated  by  che  short,  regard¬ 
less  of  system  sire,  no  significant  degradation 
of  laser  system  performance  is  anticipated  because 
of  a  shorted  circuit. 

Current  Balancing  via  Balancing  Reactors 
The  results  for  current  sharing  tests  using  bal¬ 
ancing  reactors  is  given  in  Fig.  4a.  Four  traces 
are  shown  (two  clrculcs  per  trace),  and  che  bonk 
is  charged  to  16  kV.  Since  che  traces  lie  one  on 
cop  of  the  ocher,  with  no  separation,  we  surmise 
that  current  balancing  is  achieved  within  measure¬ 
ment  error  (*'•  12). 

An  open  circuit  test  is  presented  In  Fig.  4b.  Here, 
che  seven  normal  circuits  balance  within  measure¬ 
ment  error,  and  they  share  equally  all  jf  the 
circuit  energy. 


b.  On*  circuit  open 

16  ieV  char;*,  2500  A/dlv,  100  usec/div 

Fig-  i:  (a.b)  Eight-circuit  parallel  flaahlanp 
teste  using  current  balancing  reactors 
with  effective  15  ull  Inductance  in  each 
circuit. 


Reference 

1.  E.K.  [nail  "Powering  Laser  Flashlanps  froa  a 
Storage  Inductor",  High  Power  Hi ;h  Energy  Pulse 
Production  and  Application.  ANU  Press,  Canberra, 
Australia,  1973. 


*WmH  «n*Jn  At  tuifKH  of  tft« 

CM  Ocjiittnon  of  Cmrcr  U»Ttnc# 

litoniofy  wh!tf  <MUUt  aum^t 
w.T405*tNC-<l* 


Reference  to  4  company  or  product 
.tame  does  not  imply  approval  or 
recommendation  of  ihe  product  by 
ihc  Lmventiy  of  California  or  the 
I  S  Department  of  Energy  to  the 
ctduuon  ol  others  that  may  be 
tunable 


totter 

'T*M  ftpefl  >MI  U  M  •*  *•»» 

IfMMH  It  lft«  UftlUO  Suit!  !*•<«•» 

«»«  u«u»o  liiid  Horn  tn«f|y 

RiMUtk  1  0*«<tofini«i  AlnMMUiiiM.  >***  m> 

el  U«tf  »IOf  MIT  *1  »*«*  (iOSWMWL 

IvKMIfMIMI,  •*  l»«n  mrWJHi,  «*&«•  «T 
eWIMlT,  *«r»«M  •**  *«  >*C‘I 

ttlltHlT  M  IIITMuWilT  l*f  II* 
.MtTMIMfH  M  tMfglMU  «l  Mf  t*llHII»*»M«. 
tffllllM.  T«*JlKl  •*  ** 

fir*rwHll  «*•!  *«  «*  «!*»«• 

*>»*«*■  * 
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ABSTRACT 

The  Compensated  Pulsed  Alternator  (CPA)  is  a  large 
rotating  machine  chat  will  convert  aechanlcal, 
rotationally  scored  energy  into  a  single  electri¬ 
cal  impulse  of  very  high  power.  It  la  being  op¬ 
timised  for  driving  flashlamps  in  the  very  large 
Kova  Kd:glass  laser  system.  The  machine  la  a 
rotarv  flux  compression  device,  and  for  maximum 
performance,  It  requires  start-up  current.  We 
report  upon  a  circuit  chat  vlll  provide  this 
current  and  that  will  also  assist  In  triggering 
the  flashlamps.  This  circuit  has  been  tested  with 
a  100  kJ  capacitor  bank  and  It  is  now  being  tested 
with  a  small  200  kJ  CPA.  Large  Nova-size  machines 
will  require  output  energies  In  excess  of  5  KJ. 

We  also  present  empirically  tested  formulae  that 
will  assist  in  matching  the  Nova  flashlamp  load  to 
any  given  size  CPA  machine. 

Introduction 

The  Compensated  Pulsed  Alternator  (Compulsacor)  is 
a  very  large  rotary  energy  score  chat  la  a  candi¬ 
date  source  for  driving  the  5  to  10  thousand  flash- 
lamps  that  vlll  pump  the  Kova  laser.  It  Is  pre¬ 
sently  under  development  by  Che  University  of  Texas 
at  Austin  (UT)  and  the  Lawrence  Livermore  Labora¬ 
tory  (LLL).  In  the  final  (Kova)  version,  the 
machine  will  deliver  a  pulsed  output  energy  of  5 
to  20  MJ  In  about  a  half  millisecond  time  with  a 
peak  voltage  of  about  13  kV.  The  order  of  a  100  MJ 
total  energy  will  be  needed  for  the  Kova  flashlamps. 


‘-Work  performed  under  the  auspices  of  the  U.S. 
Dept,  of  Energy  by  the  Lawrence  Livermore 
Laboratory  under  contract  no.  W-7405-Eng-48. 


Ac  present,  a  small  200  RJ  Compulsacor  Is  starting 
through  a  comprehensive  test  program  at  UT.  The 
magnetics,  mechanics  and  electrical  characteristics 
of  the  machine  are  to  be  determined,  and  the 
machine  will  be  used  for  driving  16  parallel  flash- 
lamps  In  an  LLL  laser  amplifier  head.  The  test 
data  for  the  small  machine  will  be  used  In  the 
design  of  the  large  Kova-sl:e  machines. 

In  thla  paper,  we  report  upon  the  circuit  that  will 
couple  the  200  kJ  Compulsacor  to  its  16-flashlam? 
load.  A  similar  circuit  will  be  used  for  each 
Kova  Compulsacor,  where  hundreds  of  lamps  will  be 
driven  by  a  single  machine.  These  circuits  pro¬ 
vide  start-up  current  for  the  Compulsacor  as  well 
as  providing  triggering  to  all  of  the  parallel 
flashlamp  circuits. 

Matching  cht  Compulsacor  to  the  flashlamp  load  Is 
another  Important  task  In  this  program.  Empirical 
data  have  been  collected  for  the  large  Kova  flash- 
lamps  chat  enable  us  to  characterize  this  type  of 
load  over  a  broad  range  of  operating  conditions. 
Briefly,  we  find  that  the  energy  W  delivered  to  a 
flashlamp  is  given  by,  W  •  fK  (Eq.  1),  where 

ip  is  the  peak  current  through  the  lamp  and  Lc  is  the 
time  for  full-width  at  half-maximum  (TWHM)  of  the 
current  pulse.  The  factor  f  is  a  unlcless  current 
waveshape  form  faccor  chat  has  a  range  of  values 
from  0.8  to  1.02.  For  the  Compulsacor  waveshape, 
f  is  very  nearly  unity  (i  2Z) .  The  parameter  las 
been  found  to  be  constant  within  two  percent  over 
a  broad  range  of  energies  and  pulse  durations.  It 
Is  defined  by  K  •  V/VT,  where  V  is  the  voltage 
actoss  the  flashlamp  and  i  is  the  current  through 
it.  Thus  the  flashlamp  resistance  is 
R  -  V/i  -  K/VT. 


(2) 


no 

Derivation*  o f  these  foraulae  and  exanplcs  of 
their  use  are  presented  In  the  paper. 

Test  Circuit 

The  slnplified  circuit  lor  testing  the  TOO  kJ 
Conpulsator  and  load  Is  given  In  fig.  1.  The 
start-up  capacitor  will  store  2.3  to  10  kJ  of 
energy.  It  will  be  Initially  charged  to  a  nega¬ 
tive  voltage  to  facilitate  isasedlac*  current  flow 
when  the  ignltron  switch  Is  fired.  At  the  sane 
tine,  the  flashlanp  reflector  Is  buapcd  by  the 
pulse  transforser.  brcaitlng  down  the  flashlasp*. 

A  snail  reverse  current  flows  through  the  lasps 
Into  the  start-up  capacitor,  helping  then  to  turn 
on. 


SlKWf  ftm*U w* 
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Fig.  1:  Slcpllflcd  Conpulsaeor  test  circuit. 

A3  current  flaws  through  the  Conpulsaeor,  It  be- 
-csea  .oapressed  and  anpllfied.  This  causes  the 
start-up  capacitor  to  be  positively  charged. 
Currenc  then  flows  through  the  lanps  In  the  posi¬ 
tive  direction,  snd  they  are  driven  in  the  nomal 
nanner  by  the  nachine's  Inpulse. 

After  the  positive  current  lspulse,  the  sschlne 
provides  s  soft  tero  crossing,  and  the  ignltron 
switch  and  flashlasps  go  out.  This  extinction  is 
facilitated  by  the  diode,  because  it  allows  a 
snail  reverse  voltage  to  appear  across  the  switch 
that  helps  to  clean  up  hot  Ions.  The  second 
positive  pulse  will  appear  about  3  ns  after  the 
switch  extinguishes.  This  should  be  anplc  tine 
for  the  ignltron  to  recover,  but  if  it  does  not, 
a  OacKus  vacuun  interrupter  is  being  provided  ^noc 
shown  In  Fig.  1)  that  will  insure  that  rcpeaced 


pulses  do  not  occur. 


Sunsarv  of  Testing  to  Bate 

The  Conpulsator  load  circuit  was  tested  at  L IX.  with 
a  0.01-F  capacitor  bank  In  place  of  the  Conpulsator, 
and  a  start-up  capacitor  cosprlaad  of  one  173  aF 
can.  Initial  testing  of  the  flashlanp  circuit 
denonstrated  chat  the  flashlanps  hold  off  12  kV 
before  they  self-fire.  Testing  of  the  flashlanp/ 
start-up-capacltor  circuit  alone  denonscraced  that 
all  16  lasps  would  fire  when  the  flashlanp  reflec¬ 
tor  circuit  was  bunped  and  the  start-up  capacitor 
was  charged  to  sinus  -  kV.  Verification  of  flaah- 
laap  firing  was  provided  by  16  currenc  bugs  that 
drive  two  3-channel  scopes. 


The  sysets  was  nexc  tested  ’rlthouc  diodes,  but 
with  Che  0.01-F  capacitor  bank  (200  kJ  at  6.3  kV) 
substituted  for  the  Conpulsator  In  Fig.  1.  The 
flashlasp  refleccor  was  pulsed  130  usee  before  the 
ignltron  was  fled  to  assure  chac  ail  flashlasps 
would  be  conducting  before  the  low  inpedance  0.01-F 
capacitor  bonk  shuncad  Cha  icart-up  capacitor. 

(With  Che  Cospulaacor,  this  tine  delay  will  probably 
not  be  necessary).  Tha  circuit  performed  norsally. 
and  the  flashlasp  currenc  was  first  negative  be¬ 
cause  of  the  negative  voltage  fros  tha  start-up 
capacitor.  Thla  negative  currenc  reversed  direc¬ 
tion  as  Che  positively-charged  bank  capacitor  rung 
inco  the  scarc-up  capacitor  and  discharged  through 
the  flashlanps,  Fig.  2. 


These  tests  desor.scrace  chac  the  circulc  provides 
the  triggering  to  the  flashlanps  as  anticipated, 
and  that  all  16  parallel  flashlanp  circuits  balance 
well  by  virtue  of  a  123  cH  series  inductor  in  each 
circulc  leg.  The  circulc  and  flashlanps  are  pre¬ 
sently  being  shipped  to  Austin,  Texas  where  testing 
of  the  200  kJ  Conpulsator  will  begin  shortly. 


Characterising  the  Flashlano 


In  1965,  Cones1  characterised  a  flashlanp  by  the 

•>  , 
equation  J  J  »  k^  *  constant,  where  Z  Is  the  plasna 

resiscivicy  and  J  is  the  flashlanp  currenc  density. 

Cones  was  dealing  with  snail  tubes  with  bores 


conplccely  filled  with  plasna.  This  relationship 


(in  mks  unit*),  d  S  9.)  *  10  (W/U  {Eq.  5)  where 
U/t  1*  the  deposited  energy  per  unle  length  In  the 
ga«.  They  also  noted  the  existence  of  a  transition 
region  between  d  «  d(free  space)  and  d  -  d(bore), 
where  the  final  are  growth  slows  down  due  to  the 
influence  of  the  flashlaap  wall.  Finally,  Noble 
and  Kretschmer3  snd  others  have  noted  a  fill  pres¬ 
sure  and  gas  type  relationship  for  the  flashlaap 
constant.  For  xenon,  this  relationship  is 

-  1.2?(P/450)0,:a/d),  (Eq.  6),  where  P  is  the 
fill  pressure  in  Torr. 


(b) 

200  usec/dlv. 


Fig.  2:  Current  waveforms  froa  sixteen  parallel 
flashlaaps.  Sixteen  parallel  flashlaap* 
are  driven  first  negatively  with  a  175-uF, 
-5  kV  start-up  capacitor,  followed  ISO  Usee 
later  with  a  0.Q1-F,  +0.4  kV  capacitor 
bank.  a).  Sixteen  circuits  displayed  in¬ 
dividually  froa  a  single  shot.  b).  Eight 
circuits  per  trace,  showing  that  parallel 
flashlaap  circuits  balance  well  on  each 
shoe. 

leads  directly  to  Eq.  (2),  i.e.  R  »  K/  i  ,  where  the 

"flashlaap  constant",  g  .  -  (Eq.4).  Later,  in 

d  n 

2 

1974,  Dj-shlngton,  et  al.~  introduced  an  espirical 
relationship  for  the  effective  plassa  dlaaeter  d 
in  Eq.  (4)  to  account  for  the  early  growth  of  the 
plasma  screamer  before  the  bore  is  filled:  i.e. 


The  present  Nova  stsndard  flashlaap  has  an  arc 
length  t  -  1.12-a,  a  bore  diameter  d  -  0.015-m,  and 
a  fill  pressure  of  300  Torr  xenon.  Sy  use  of  Eq.  \6), 
we  have  K  -  1.27(300/450)°"(1. 12/0.015)  •  87.3, 
assuming  the  bore  to  be  completely  plasma  filled 
(neglecting  Eq.  (5)). 

Sot*  that  since  R  «  K /vT,  we  have  R  •  K/VT  at 

aln  p 

peak  current  and  V  »  i  R  .  »  kVT".  We  can  cherc- 

p  p  ain  p 

fore  define  K  as,  K  •  V  A T~  (Eq.  7).  Using  this 
P  P 

definition,  K  was  calculated  for  the  Nova  lamps  by 
measuring  the  peak  voltages  snd  currents,  recorded 
simultaneously  froa  many  discharges.  The  range  of 
energies  varied  froa  5  to  27  kJ.  the  peak  currents 
varied  froa  2.3  to  6  kA  and  the  current  FWW  times 
varied  froa  480  to  800  usee.  Over  this  range,  K 
remained  constant  ac  86.5  :  2.  This  value  agrees 
with  che  K  »  87.3  nuaber  obtained  froa  the  Noble/ 
Kretschmer  relationship.  Because  of  che  long  pulse 
duration  of  0.5  msec  or  more  desired  for  Nova,  u* 
are  assuming  (for  now)  that  the  bore  becomes  filled 
early  and  that  Eq.  (2)  is  valid  with  K  “  67  ohms Vamp. 

Using  Eq.  (2)  for  che  resistance,  che  instantaneous 

2  3/2 

power  dissipated  by  the  flashlaap  will  be  1  R  •  Ki 
The  energy  dissipated  by  the  flashlamp  will  therefore 
be.  e, 

W  -  K  J"  i3/2dt  fS) 

C1 

The  value  under  this  integral  will  depend  upon  the 
waveshape  of  the  current  pulse.  For  a  square  pulse 
(constanc  current),  tj-tj  “  6c  (i.e..  the  total 
pulsewidth  and  the  FVKM  are  the  same),  and 


£62 


% 


*9- 


Ki3/2it  (£q.  9).  Combining  (8)  and  (9). 
? 


v*  can  d«fin«  x  vav<ahap*  fora  faccor  4*, 

..  ii: 


*1 


aq. 


‘4c 


‘?n* 

? 

vher*  :h«  r.ormalitacion*  of  x 


r 


(10) 


t/4c  and  y  “  1/1 


ar«  made.  Fora  factor*  foe  a  number  of  vaveshapas 
have  baan  calculated,'  and  they  vary  fro*  a  minimum 
of  0.3  (for  a  triangular  uava)  to  allghcly  aora 
chan  1.  For  :ha  anticipated  Coapulaaeor  vavafora, 
f  1*  vary  naarly  unity  (:  22).  Rearranging  (10) 
and  substituting  (9)  u*  obtain  Eq.  (1),  namely, 

W  -Vi..  -  fKl3/2Ac  (1) 

? 


*q. 


and  thla  is  eh*  aquation  that  anabla*  ua  to  match 

tha  flashlamp  load  to  eh*  Coapulaaeor.  For  tha 

Nova  fiashlamp,  with  eh*  Coapulaaeor  vavafora, 

V  •  37  i3/'4t.  (11) 

? 


200  W 

5  KJ 

Frototyp* 

Nova 

Flaahlaaos 

njl 

1 

n 

a 

16 

200 

Total  lamps 

16 

400 

«  (kJ) 

12. S 

12.5 

i?  (kA) 

4.  A 

4.1 

it  (msec) 

0.3 

0.5 

Coapulaaeor 

W.  (5tJ) 

200 

5000 

l  (kA) 

70 

870 

a 

it  (msec) 

0.5 

0.5 

vc  (kV) 

5.7 

11.5 

fc  <CV) 

0.1 

10 

Tab  la  1 


Hatching  Fiashlamp*  and  Coapulaaeor* 

Equation  (11)  applla*  for  a  single  Nova-sir*  flash- 
lamp.  As  a  rule,  evo  of  thaaa  iaapa  ulll  b* 
drivan  In  sari**,  and  many  In  parallal  by  a  aingl* 
Compulsitor.  For  a  flaahlaap  sy*c*a  of  n#  stria* 
by  n?  parallal  lamps,  the  raqulrad  Coapulaaeor 
energy  (assuming  f  •»  1), 

w,  *  n„n  W  -  £a  a  l3/‘lt  (Eq.  12),  and  tha  raqulrad 

•  s  p  1  p  p 

Cospuisacor  peak  currant,  l  -  n  1  (Eq.  13).  Tha 

c  P  ? 

paak  Coapulaaeor  voltage  vlll  ba,  «  n^V  »  nj!CW? 

tEq.  14),  and  so  eh*  peak  Compulsacor  pov*r  is 

?  -  V  1  «  Kn  n  l3/2  *•  U  /it  (Eq.  IS).  Tvo 
v  C  C  S  p  p  c 

example*  are  given  in  Table  1,  assuming  K  -  37. 

Vleh  tha  snail  prototype  Conpulsacor,  va  desire 
to  provide  200  kJ  into  16  parallel  Nova  flashlasp* 
with  a  half-nlllisacond  pulse.  A  typical  5  MJ 
Nova  Conpulsacor  vould  provide  a  half-nlllisecond 
pulse  into  200  parallel  by  2  series  fiashlamp* 

1400  total).  The  actual  terminal  cuepue  voltage 
of  the  machine  vlll  need  to  be  soeeuhac  higher 
than  that  given  in  the  cable  to  make  up  for  losses 
in  the  syseen.  Note  tnut  losses  vlll  also  increase 
the  peak  pover  and  the  energy  output  requirement, 
but  these  should  be  snail  (*•  102)  in  a  typical 
system. 
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Abstract 

Tbs  compensated  pulsed  alternator  (compulsitor)  baa 
been  proposed  as  a  possible  alternative  to 
capacitor  banks  for  driving  xenon  flashlamps  for 
pumping  neodymium  glass  laser  amplifiers  for  NOVA. 

An  algorithm  for  sizing  rotor  diameter  and  angular 
velocity  as  a  function  of  flashlamp  Impedance, 
peak  current,  and  delivered  energy  Is  described. 

It  Is  shown  that  the  armature  inductance  variation 
Is  a  major  consideration  when  matching  the  pulsed 
alternator  to  the  load,  finally,  conceptual  design 
parameters  of  a  four  pole,  laminated  rotor  compul- 
sator  arc  presented. 

Introduction 

The  Center  for  Elect toaechanlcs  (CEM)  of  The 
University  of  Texas  at  Austin  has  proposed  the 
compensated  pulsed  alternator  as  an  alternative 
power  supply  for  driving  xenon  flashlampa  for  the 
NOVA  Laser  Program  at  Lawrence  Livermore  Laboratory. 
The  compulsator  is  a  single  phase  alternator  with  a 
laminated  rotor  (armature)  and  solid  steel  stetor 
with  copper  field  windings  wound  on  salient  poles. 
The  subcranslent  reactance  of  the  machine  is  min¬ 
imized  by  connecting  a  compensating  (damper)  winding 
on  the  quadrature  axis  of  the  stator  in  series  with 
the  rotor  armature  winding.  A  sectional  end  view 
of  a  simple  compulsator  is  shown  In  figure  1. 

The  -ompulsator  differs  from  a  conventional  short 
circuit  generator  In  several  ways.  The  armature 
winding  is  located  on  the  rotor,  and  is  connected 
In  series  with  the  compensating  winding  via  slip 
rings.  Therefore,  the  compensating  or  damper  wind¬ 
ing  is  not  closed  on  itself,  but  carries  full 
armature  cut rent.  Secondly,  the  compensating 
uindlng  has  the  same  number  of  turns  as  the  rotor 


winding  end  Is  of  the  same  geometry,  rather  than 
being  constructed  in  squirrel  cage  fashion. 

Finally,  both  windings  are  located  In  the  air  gap, 
rather  than  being  imbedded  In  slots.  The  operation 
of  tha  machine  la  described  In  detail  in  other 

1  i  i 

papers  presented  at  this  conference.  ' 


figure  1:  Cross  Section  of  Conpensstcd  Pulsed 
Alternator 

Output  Current  Waveshape 

The  varying  coupling  betvecn  the  armature  winding 
and  compensating  winding  results  In  rotary  compres¬ 
sion  of  the  armature  flux  which  increases  the 
implituds  and  decreases  the  half  width  of  the  output 
jrrent  pulse.  Therefore,  a  compulsator  vich  an 
open  circuit  sinusoidal  frequency  of  120  to  ISO  Hr 
can  deliver  0.5  -  1.0  ase,.  pulses  to  a  low  impedance 
load  such  as  a  xenon  flashtube.  A  typical  single 
current  pulse  waveform  is  shown  in  figure  2. 

Flashlamp  Load 

The  compulsator  is  a  low  Impedance  oevice  with  the 


figure  2:  Typical  Currant  fulse  Into  Flashlaep  Load 

capacity  to  deliver  currant  pulses  si  several  hun¬ 
dred  kiloaaps.  It  la  therefore  necessary  to  connect 
sulcipla  llsahlup  circuits  In  parallel  to  uxialxa 
energy  dalivary  par  pulse.  Ona  leap  configuration 
now  being  conaldarad  for  SOVA  consists  of  two  IS  a* 

X  20  *»  x  112  ea  long  xanon  flaahlaapa  connactad  In 
series.  Ona  hundred  or  more  of  thaaa  aeries  circuits 
are  connactad  in  parallel  with  Inductors  placed  In 
each  let  to  Insure  proper  currant  division.  The 
equivalent  lapedance  of  the  flsahlaap  load  Is 
modeled  as  a  nonlinear  resistance  (Ivan  by 

Rioad  *  "sVyioad*"”2  oh~ 

where  Is  the  laap  lapedince  constant  (ona  lsap). 

is  the  nuaber  of  leaps  in  larlaa  par  circuit  (2), 
n?  is  the  nuaeer  of  parallel  laap  circuits,  and 
’load  c!ie  cocsl  current.  It  is  shown  in  a 
rospanlon  paper  that  the  energy  delivered  per  pulsa 

4 

to  each  flashlaap  is  given  by 


(fac) 


coapulsator 


(sec) 


(3) 


Socor  Diameter  and  Speed 

Ona  algorithm  that  has  been  used  to  deteralne  the 
angular  velocity  of  the  rotor  is  based  or,  the 
observation  that  for  typical  circuits  the  affective 
snaatura  flux  linkage  is  constant  during  tha  aaln 
portltn  of  the  output  current  pulse.  That  is  the 
Product  of  tha  effective  transient  armature  induc¬ 
tance  and  current  is  a  constant.  Therefore,  the 
output  current  l^0lUj  may  be  described  by 


’load 


<v 


Vo/L(V  “M 


(4) 


where  ^  1  the  angular  displacement  between  the 

axes  of  tha  rocor  and  compensating  windings,  and 

L  and  1  are  initial  values  of  inductance  and 
o  o 

current  at  3^  -  3^  established  a  iring  the  startup 
phase  of  tha  discharge.  Tha  effective  armature 
inductance  versus  angular  position  is  given  by 


L(«a)  -  +  iL(l  -  cos(XpSa/2)]  H  (5) 

Using  Equations  4  and  S  the  pulse  half  width  ut  is 
given  by 

it  -  (i/H?wa)  cos"l(l  -  a/A.^  (6) 

where  M  is  the  nuaber  of  poles,  u  is  tha  angular 
p  a 

velocity  of  ch«  rocor  and  the  coraf  *  and  are 


a 


l-co«(S  9  /2) 

vJ -  1 


(7) 

(3) 


;?la=P  “  «oS3/=  iC  i0Ul”  {2) 

whore  it  is  tha  half  width  of  tha  pul«e,  f  is  a 
waveshape  factor,  lp  ia  tha  peak  currant  par  lamp, 
and  X  is  tha  lapedance  constant  of  tha  lamp  (-37. 5 

v  1/^  I/O 

jto-aap  par  lamp,  175  oha-sap  for  series  pair). 


A^  la  defined  as  rhe  flux  cospresslon  factor.  Again, 
using  Equations  A  and  5  and  integrating  tha  resis¬ 
tive  povar  dissipated  in  the  flashlsaps.  the  UiS  of 
Equation  3  is  given  by 

(fit)  -  2*_oS/oa  (9) 


Cf  the  energy  delivered  per  pulse,  peak  laap  current, 
and  laap  iapedance  cons cant  are  specified,  then  the 
coapulsator  ausc  be  designed  to  provide  the  proper 
curron:  waveshape. 


where  S  is  a  conscanc  of  integration  which  depends 

on  N  ,  5  ,  and  A.  .  A  typical  value  of  5  is  0.255 

p  ao  x 

for  a  four  pole  aachinc  with  >_q  *  -0.294  end  a  flax 
coapression  factor  A.^  equal  to  14.  The  angular 
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velocity  of  the  rotor  ur  car.  chea  b*  plotted  as  a 
function  of  diameter  to  provide  the  proper  pulse 
vldth  If  the  flux  compression  factor  A^  Is  known  as 
a  function  of  machine  diameter  and  number  of  poles. 
A  typical  curve  is  plotted  in  Figure  3. 


t  II  ,1  ■■  M  IJ  •  •  u  *> 


•1*1 

Figure  3:  Flux  Compression  Factor  and  Angular 
Velocity  versus  Rotor  Diameter  for 
Flaahlamp  Load 

Assuming  that  the  maximum  allowable  tip  speed  for 
thi  rotor  Is  150  m/aec  based  on  centrifugal  forces 
acting  on  the  air  gap  rotor  winding,  the  diameter 
of  the  rotor  is  found  by  the  intersection  of  the 
angular  velocity  curve  and  the  constant  dp  speed 
curve.  It  can  be  seen  from  Figure  3  that  a  1.03  a 
diameter  four  pole  compulsa.or  will  drive  the 
flashlamps  at  a  peak  currant  of  approximately  4500 
amps  per  circuit  and  a  pulse  width  of  500  usee. 


Flux  Compression  Factor  A^ 

The  factor  Aj,  scales  as  (t/g)~  where  g  is  the 


effective  air  gap  between  the  windings  and  i  is 
the  polar  pitch  (sD/N^).*  Therefore, 


n  * 
<  ghp 


maximize  delivered  energy,  the  minimum  inductance 
L^  must  be  reduced  as  far  at  possible.  The  factor 
A^  is  chosen  to  match  the  desired  pulse  width  and 
peak  current  end  is  selected  based  on  tradeoffs 
Including  mechanical  stress  In  the  alternator, 
external  switching  requirements,  and  amplifier  gain. 

Conceptual  Deslsn 

Assuming  a  rotor  diameter  of  1.03  a  and  a  rotational 
speed  of  3800  rpm  from  Figure*!,  a  conceptual  design 
of  a  compensated  pulsed  alternator  was  developed. 

It  should  be  noted  chat  the  final  alternator  design 
and  flashlas^  configuration  have  yet  to  be  frozen. 
However,  this  one  design  does  indicate  the  type  of 
machine  used  to  drive  multiple  flaahlamp  circuits 
that  are  anticipated.  The  basic  generator  perform¬ 
ance  parameters  are  listed  in  Table  1.  A  sectional 
view  is  shown  in  Figure  4. 

Table  1:  Compulsaccf  Parameters 


Number  of  poles  4 

kotor  diameter  (m)  1.03 

Rotor  tip  speed  (mfsec)  *  150 

Angular  velocity  (sec'*1')  394 

Flux  compression  factor  A.  17.6 

Open  circuit  voltage  (kV)  10.3 

No.  of  rotor  conductors  33 

Armature  resistance  (m!J)  8.5 

Minimum  inductance  (iiH)  S.6 

Effective  air  gap  (ms)  4.05 

Magnetic  air  gap-main  field  (so)  4.3 

Field  MMF/pole  (kA-t)  105 

No.  turns/pole  38 

Field  current-pulsed  (kA)  3.76 

Field  power/pole  (kW)  114 


Since  the  ratio  of  effective  air  gap  to  diameter 
does  not  scale  linearly,  Che  compression  factor  A^ 
generally  increases  with  diameter.  A^  decreases 
with  the  square  of  the  number  of  poles.  Other 
factors  which  influence  A^  include  system  voltage 
(insulation  thickness),  radial  build  of  air  gap 
conductors,  mechanical  gap  clearance,  and  pole 
construction  (laminated  versus  soliu).  To 


Outer  diameter  of  back  iron  (a)  2.51 
Shaft  diameter  (a)  0.32 
Shaft  length  (n)  4.8 
Total  mass  (metric  con)  87.6 
Inertial  Energy  Store  (MJ)  108 


System  performance  parameters  are  listed  in  Tabic 
2.  The  tabulated  case  indudea  realistic  nodels  for 
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eh*  ignition  switches,  includes  eh*  growth  of  eh* 

plus*  disaster  from  j  car  cup  to  full  bor«,  and 

utilizes  capaciclv*  assist  startup  at  d«scrib*d  in 
,  ,  4 

th«  companion  pap«r. 


Figure  4:  Cross  S*ction  of  Conctptual  Compensated 
Puls«d  Alternator  Povar  Supply  for  NOVA 


Table  2:  System  Performance  ParasMters 


Peak  laap  voltage  (icV) 
Peak  current  (kA) 

No.  laap  circuits 
Energy  delivered  IKJ) 
Pulse  half  width  (usee) 


10.9  (12.5)* 
774  (933) 
198 

4.52  (6.2) 
510  (510) 


"Numbers  in  parentheses  for  r3r/64  radian  phase 
shift  of  coapensating  winding  past  quadrature  axis. 

Note  that  the  delivered  energy  is  increased  if  the 
axis  of  the  consecrating  winding  is  shifted  so  that 
er.e  point  of  sainisua  inductance  lags  the  point  of 
aaxisua  open  circuit  voltag*.  The  increased 
delivered  energy  ousc  be  weighted  against  increased 
localized  shear  stress  on  the  adhesive  bond  beeveen 
the  air  gap  winding  and  the  surface  of  the  rotor, 
however,  the  3s/64  phase  shift  should  be  satisfac¬ 
tory  mechanically. 


alternator  natched  to  a  specific  flashlaap  load 
typical  of  the  laap  characteristics  anticipated  for 
NOVA  has  been  presented.  Final  selection  of  the 
flashlaap  load  and  alternator  peraaeters  are  yet  to 
be  aad*,  however,  pending  results  of  an  engineering 
prototype  teat  program. 
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20.4 

A  COMPACT  5x10*“  AKP/SEC  RAIL-CUN  PULSER  FOR  A  LASER  PLASMA  SHUTTER* 

L.P.  E.L.  Orhem,  and  I.F.  Stowera 

Lawrence  Livermore  Laboratory 
Livermore,  California  94550 


ABSTRACT 

We  hava  davalopad  a  rail-gun  plasevi  aourca  to 
21  -3 

produca  a  plasma  of  10  cm  particle  density  and 
project  it  with  a  valocity  of  3.9  cm/iia.  Thia 
davicc  will  ba  uaad  in  an  output  apatial  filtar 
of  Nova  to  projact  a  critical  danaity  plaaaa 
acroaa  an  optical  baaa  path  and  block  laaar  ratro- 
raflactad  light.  Tha  objact  of  thia  papar  la  to 
daacrlba  tha  daaign  of  a  pulaar  appropriata  to  tha 
Shiva  laaar  fualon  facility,  and  to  daacrlba  tha 
preliminary  daaign  of  a  hlghar  currant  prototypa 
pulcar  for  Nova  tha  laaar  fualon  raaaarch  facility 
undar  conatructlon  at  Lawranca  Livermore  Laboratory. 

Experimental  Configuration  for  the  Shiva  Cun 
Tha  experiment  la  contained  in  a  Multiport  vacuum 
chanbar  conflgurad  aa  a  20  cn  apartura  apatial 
filtar  with  1/10  optica,  aa  ahown  in  Fig.  1.  Tha 
wire  which  forms  tha  plaaaa  la  locatad  naar  tha 
focal  point  of  tha  optica,  aa  ahown  in  aore  datall 
in  Fig.  2,  Tha  3  an  long,  127  lia  diameter  aluain- 
un  wire  la  locatad  batwaan  two  alactrodaa  in  a 
1  ta  daap,  150  l»  wide  alot  in  a  dielectric 
material.  The  aloe  conatltutaa  a  noxxle  to  con¬ 
fine  the  plaaaa  during  heating  and  to  direct  it 
acroaa  tha  optical  baaa  path  into  a  duap  tank. 

Such  a  gcoaetry  increaaea  tha  on  axia  danaity  and 
raducaa  tha  leakage  toward  the  optica. 

The  electrodea  arc  connected  via  a  low  inductance 
parallel  plate  tranaalaalon  line  to  the  pulaer. 

The  pulaer,  containing  6  parallel  Haxwell  Type 


‘Work  performed  under  the  auapicea  of  the  C.S.  Dept, 
of  Energy  by  the  Lawrence  Liveraore  Laboratory 
under  contract  no.  W-7405-Eng-48. 
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S,  0.22  u?  capacitors  la  connected  to  the  trans¬ 
mission  line  by  6  independent  awitches  aa  ahown  in 
Fig.  1,  and  aore  detail  in  Fig.  3.  Tha  switches 
arc  aidplane  triggered,  uv  illuminated  spark  gaps* 
retrofitted  into  Tachiatc  501  switch  bodies.  This 
trigger  configuration  is  similar  to  that  used  in 
the  Pulaar  SW50K  gap,  but  provider  lower  net  in¬ 
ductance.  The  trigger  is  fed  through  the  trigger 
pin  and  first  arcs  across  to  the  illuminator  which 
is  connected  to  ground  via  a  current  Uniting  re¬ 
sistor.  The  small  gap  preilluminates  the  main  gap 
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ri|.  3  1  ns  Jitter,  low  inductance  switch  geometry 

and  sharpens  the  crl||ar  rlaa  time.  This  provldaa 
nanosecond  Jitter  with  a  rouadad  trigger  pin  aad 
la  noc  sensitive  co  acoalon.  An  equivalent  circuit 
(cosBon  alao  to  tha  Nova  pulaar)  la  shown  la  Fig.  4. 


TnjtMMnM 

rig.  4  Equivalent  circuit  of  plasma  gun  and  trlggar 

The  pulaar  whan  chargad  co  SO  kV  provldaa  a  currant 
l1 

rise  claa  of  5  x  10  "a/sac.  Thaaa  main  apark  gaps, 
when  triggered  with  a  faac  riaing  trigger  pulse, 
provided  nanosecond  Jitter  and  hence  excellent 
current  sharing  of  cha  parallel  gaps  and  synchro¬ 
nisation  ulch  tha  laser  and  diagnostics.  When 
connected  to  the  wire.  Including  cha  large  feed¬ 
through  Inductance,  the  currant  has  a  quarter 
period  of  300  ns. 

Affect  of  Nonlinear  Load 

Initially  vhile  the  wire  is  lnercially  confined, 
heating  is  resistive  and  follows  a  linear  teaper- 
acure  variation.  After  burse,  the  resistance  is 
characterized  by  a  Splczer  resistivity.  We 


conceptually  distinguish  two  phases  that  doainats 
tha  plasaa  acceleration.  A  hasting  phase  occurs 
naar  burse  when  the  resistivity  la  high.  Thera- 
after  a  Jxl  force  increases  the  plasma  directed 
velocity.  By  tailoring  the  current  pulse  history, 
we  can  to  some  dagrae  separately  control  the 
plaaaa  temperature  aad  net  plasaa  velocity,  aad 
thereby  select  both  the  dlvargeace  ead  closure 
tlae. 

Experimental  geeulta 

The  plaaaa  velocity  wea  determined  by  using  streak 
caaara  photographs  aad  a  Faraday  cup  located  39  cm 
froa  the  wire  and  axially  caatarad  on  the  plasae 
axla.  Experimental  results  and  a  code2  prediction 
for  20  kV  charge  volcage  are  auamerixed  in  Fig.  3. 
Such  correlations  of  data  and  prediction  reflect 
the  present  level  of  design. 


Fig.  5  Measured  and  calcuiacad  plaaaa  velocity 
Move  Pulaer  Design 

We  require  a  critical  density  plaaaa  to  obscure  a 
6  am  diaaetar  region  with  a  closing  velocity 
appropriate  to  a  shutter  to  target  distance  of 
40  a.  We  conducted  a  parametric  survey  with  the 
code  co  wacabliah  the  procotype  characteristics. 

Wa  conatraiaad  cha  daalgn  auch  chat  all  capacitors 
and  twitches  auec  be  standard  eleaenta  within  Che 
scat*  of  the  arc  and  were  thus  able  to  concentrate 
on  improving  these  eleoencs  co  ensure  reliability. 

Tha  prototype  design  contains  8  parallel  0.66  uF» 

20  nH  50  kV  capacitors  connected  through  4  parallel 
10  nH  rail  gaps  via  a  coaxial  3  nH  vacuus  feed- 
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through  co  the  load.  7h«  cocal  pulatr  inductance 
1*  10  nH.  This  design  la  shown  isometrically  in 
Fig.  6  and  in  croaa  aacclon  In  Fig.  7.  The  equi¬ 
valent  circuit  it  shown  in  Fig.  4.  A  logic  signal 
la  amplified  by  a  Fulsepak  10A  and  transformer.  A 
coaxial  two  stag*  Harx  using  th«  switch  shown  in 
Fig.  3  provides  an  output  of  100  kV  rising  in  8  ns 
co  trigger  the  rail  gaps. 


Fig.  6  Nova  plasma  shutter  geometry 


Fig.  7  Plasaa  shutter  pulsar  cross  section 

The  rail  gap  shown  in  Fig.  8  has  seairogowaki 
electrodes  and  a  long  graded  trigger  blade.  The 
trigger  pulse  is  fed  through  a  peaking  gap  on  the 
end  with  its  spark  located  on  axis  with  the  rails, 
thereby  preilluainaclng  then.  The  switching  gas 
is  20X  SFg  and  80X  Ar.  The  function  of  the  uv 
produced  primarily  in  the  argon  is  co  provide  free 
electrons  and  aecascable  states  in  the  main  gap 
region.  These  electrons  help  in  initiating 
avalsnches  and  streamers,  and  also  cause  precise 

3 

closing  of  the  screamer.  A  segment  of  the  Nova 
pulser  has  been  extensively  tested  and  character¬ 
ized,  and  provides  nanosecond  jitter.  Hick  the  dc 


charge  voltage,  it  provides  multichannel  operation, 
a  feature  which  is  somewhat  insensitive  to  rail 
edge  sharpness,  thus  tending  co  maintain  reliabil¬ 
ity  with  age.  We  are  presently  teecing  electrode 
materials  including  low  lead  brass,  Schwarzkoph 
K25  tungsten,  and  Foco  AXF3QC  and  ACF10Q  graphite 
to  reduce  erosion  and  most  importantly  co  minimize 
prefire. 


Fig.  8  UV  preillumlaatad  rail  gap 


The  0.66  UF,  20  kV  capacitors  developed  by  Maxwell 
for  this  application  are  similar  co  the  Catching 
type,  and  have  a  plastic  case  with  a  parallel  rail- 
header.  The  Internal  construction  is  similar  co 
the  proven  Sylac  capacitor.  Internal  inductance 
is  20  nH  and  the  expected  life  is  10®  shots. 

The  dielectric  is  a  semiconductor  coated  poly¬ 
urethane  elastomer  being  cast  in  the  shape  required 
for  the  coexial  feedthrough.  The  effect  of  surface 
corona  is  minimized  by  employing  a  semiconductor 
coating;  the  uncoated  polyurethane  miniaizes 
tracking  under  switches  and  capacitors.  Its 
elastic  behavior  will  restore  its  shape  and  in 
particular  its  contact  with  the  conductors  after 
magnetically  Induced  deformations.  The  coaxial 
design  minimizes  the  number  of  high  voltage  edges. 

The  pulser  is  housed  in  an  electromagnetic  shield 
and  filled  with  atmospheric  pressure  SFg.  Two 
trigger  generators  located  in  the  shield  provide 
via  separate  peaking  gaps  a  redundant  trigger 
pulse  to  each  blade. 


Conclusions 

tfe  have  developed  and  arc  continuing  co  develop 
reliable,  lov  inductance,  high  current  pulaere 
having  nanosecond  jitter.  All  apark  gape  uee  uv 
preilluadnatlon  to  pulee  sharpen  the  trigger,  to 
ainiaize  Jitter,  and  co  ainiadxt  the  effect  of 
electrode  erosion  with  age.  The  sy scene  are  co¬ 
axial  co  ainlaize  inductance  and  edge  effects.  A 
semiconductor  coated  elascoear  dielectric  miainlses 
surface  corona  and  cracking.  These  pulsers  are 
utilised  with  a  rail-gun  co  propel  a  high  density 
plains  co  a  high  velocity. 
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Abstract 

Crests  of  displaced  aetal  have  been  observed  in 
rings  beyond  che  crater  produced  on  electrodes 
by  short  duration  (10-100  ns)  heavy  current  sparks 
in  a  variety  of  dielectric  Media.  Natal  is  pre- 
suaed  to  have  aelced  and  flowed  radially,  che 
hydrcaagneclc  forces  supporting  a  standing  canal 
wave  which  is  identified  with  the  crest.  Analysis 
shows  this  situation  to  be  invariant  under  steady 
salting  and  che  ring  diaaecer  is  proportional  to 
the  square  root  of  spark  current,  as  aeasurcaent 
verifies.  Erosion  is  proposed  to  occur  by  che 
breaking  of  this  crest  or  by  its  reaoval  under  che 
action  of  electrostatic  forces-,  in  accord  with 
reported  sxperiaental  data. 

Introduction 

!n  the  course  of  experience  with  high  power  flash 
X-ray  sachines*  it  has  been  observed  that  elec¬ 
trode  daaage  froa  heavy  currant  switching  sparks 
appear  to  have  soae  features  in  coaaon.  In  a 
current  range  up  to  about  250  kA  lasting  for  20  to 
70  ns  in  high  pressure  gas  each  electrode  displays 
a  crest  of  frozen  aetal  in  a  ring  around  the  site 
which  was  struck  by  the  spark  (Figure  1).  There 
is  a  small  crater  at  this  spot  which  corresponds 
in  diaaecer  with  that  to  be  expected  fer  a  heavy 
current  spark  channel  expanding  for  Che  known 
duration  of  the  discharge.  This  is  surrounded  by 
a  flat  undulating  expanse  of  aetal  which  had 
obviously  been  solcen  and  which  extends  beyond  che 
trnsc  already  aentloned.  The  radius  of  che  ring 
has  been  aeasured  in  three  cases  for  which  che 
current  was  calculable.  It  appears  chat  che 


radius  Increases  as  the  square  root  of  che  current, 
independently  of  che  pulse  duration.  Significantly, 
there  is  excreaely  little  visible  depression  of 
che  aetal  level  within  the  daaage  ring. 

Investigations  of  spark  daaage  in  vacuua  have 
revealed  that  in  certain  cases  daaage  of  a  similar 
nature  takes  place  (Figure  2).  In  addition,  a 
region  outside  che  daaage  ring  was  found  to  be 
covered  with  aolcen  droplets  adhering  to  che  sur¬ 
face.  Further  data  froa  pulsed  discharges  in 
weter  and  oil  show  che  saae  characteristic  dssage 
ring  for  various  aecals. 

One  feature  in  cossson  with  all  of  these  discharges 
is  probably  chat  che  current  pulse  was  fast  rising. 
In  vacuua  this  is  not  always  the  case  and  the 
indldence  of  such  daaage  is  less  frequent.  Replicas 
were  aade  and  aicrophocographs  prepared  of  dasuge 
sices  on  flash  X-ray  Machines  for  a  wide  range  of 
calculated  currents  and  pulse  durations.  In  Fig.  4 
the  crest  radius  on  stainless  steel  appears  to 

vary  as  the  square  root  of  the  spark  current  so 

,2  10-2 
that  I/r  -  1.5  x  10AU  As  . 

A  mechanists  sufficient  to  explain  these  phenoaena 
oust,  therefore,  be  independent  of  che  type  of 
discharge  and  aore  reliant  upon  che  eleccrodynaalcs 
of  the  current  growth  within  the  electrodes.  The 
purpose  of  the  present  work  is  to  describe  such  a 
aechanisa  and  to  throw  soae  light  upon  the  elec¬ 
trode  erosion  process. 

*Ion  Physics  Corporation  models  FX-15,  FX-45  and 
FX-100. 


THEORY  OF  THE  HECHA.NISM 
Hvdronaxneclc  Flew 

Ho  initial  account  will  b«  takan  here  of  spark 
channal  expansion  and  it  will  ba  formalised  simply 
a*  a  fixed  conducting  cylinder  produced  laacancanc- 
oualy  beevaen  tvo  high  voltage  alactrodaa.  Cur¬ 
rant,  however,  cannot  ba  aatabliahad  until  magne- 
tic  flux  haa  penetrated  into  the  conductors.  The 
channel  conductivity  is  such  late  chan  that  of  ch« 
electrode  natal  and  diffusion  into  it  is  therefore 
rapid  enough  to  be  considered  instantaneous  by 
coaparison. 

Progressive  flux  penetration  into  the  electrode 
surface  will  cause  aelting  because  of  the  accompa¬ 
nying  resistive  power  dissipation.  Electromag¬ 
netic  forces  also  act  normally  into  the  electrode 
surface,  but  decrease  in  strength  radially.  Since 
the  liquid  surface  layer  tends  to  'freesa  in'  the 
ragnecie  flux  with  a  radial  electromagnetic  pres¬ 
sure  variation,  a  steady  fluid  flow  will  develop 
in  such  a  manner  as  to  neutralize  this. 

The  problem  can  now  be  formulated  as  chat  of 
determining  the  hydromagnacic  flow  pattern  of  a 
fluid  with  a  free  surface  flowing  radially  out¬ 
wards  across  an  asiauthal  magnetic  field,  as  shown 
in  Figure  3.  Hydromagnacic  flow  will  be  con¬ 
sidered  radially  arose  an  axlauchal  magnetic 
field  distribution  for  a  disc  of  conducting  fluid 
of  non-uniform  depth  h,  but  with  a  free  surface. 
There  is  no  indication  from  the  conditions  of  the 
problem  chac  salting  occurs  to  a  uniform  depth. 
Arisuchal  sycnecry  will  be  assumed  so  as  to  reduce 
the  problem  to  tvo  dimensions. 

Flux  transport  lnco  the  mobile  pool  is  determined 
by  equating  3b/3c  with  the  rotation  of  the  over¬ 
all  electric  field  strength  given  by  curl(c”2J  + 
u  x  3).  3eneach  the  salting  floor  chore  is  no 
Lorenc:  field  and  flux  is  transported  by  diffusion. 
At  this  interface  there  sust  be  continuity  in 
j3/3c  and  this  will  be  achieved  if  the  Lorencc 
field  is  irrocacional. 

A  flow  solution  relating  u  and  H  muse  sacisfy  this 
condition,  and  the  following  relationships  will  be 
shown  to  ba  adequate  for  the  purpose  of  describing 
the  flow  over  an  anode  surface  as  in  Figure  3. 


/cu  *  -  A  h  curl  H  ■  -  /|i  h  J  (1) 

Ai  H  «  /p  h  curl  u  »  /p  h  u  (2) 

where  h  is  the  pool  depth. 

Hence  cha  vorticiey  vector  lies  parallel  to  the 
magnetic  field  lines  while  the  fluid  velocity  is 
parallel  to  the  current  density.  It  follows 
moreover  chac  the  electromagnetic  body  force  J  x 
1  is  equal  to  rbs  inertial  force  -fiZ  x  u  which 
exists  by  virtue  of  the  vorticiey  everywhere  in 
the  flow  and  the  momentum  equation  reduces  to  the 
hydromagnacic  form  of  Bernoulli's  equation.  Xc  is 
necessary  now,  however,  to  explain  the  origin  of 
vorticiey  is  the  flowing  pool  of  metal. 

There  will  ba  a  discontinuity  in  the  fluid  entropy 
in  crossing  the  liquid-solid  Interface  due  to  the 
change  in  state.  This  interface  is  the  limiting 
streamline  for  the  flow  and  so  according  to  Crocco's 
theorem  of  fluid  mechanics  (2)  there  will  necessar¬ 
ily  ba  a  corresponding  Jump  in  vorticiey  from  xero 
in  cha  solid  go  a  finite  value  within  the  flow. 
Neglecting  viscosity,  Kelvin's  theorem  indicates 
that  the  vorticiey  will  be  Invariant  within  the 
pool.  Xalvla's  theorem  of  conservation  of  vorticiey 
can  thus  be  applied  to  the  pool  flow.  The  vorticiey 
u  is  given  by  -du/dt  and  since  this  is  fixed 
everywhere  it  can  also  be  written  as  u/h.  By 
equating  these  terms  it  is  seen  chac  che  velocity 
will  decline  exponentially  from  its  value  u  at  the 
free  surface  to  zero  at  che  liquid-solid  metal 
interface. 

Power  is  dissipaced  at  a  fixed  volume  race  which 
is  absorbed  in  maintaining  melting.  The  Lorencx 
field  given  by  hB  is  equal  to  J/o  and  J  can  be 
represented  by  I/2srh.  *  H/h.  Thus  ic  follows 
that  H  declines  exponentially  with  depth  and  hh  “ 
1/uo  ■  n  and  che  floor  must  therefore  recede 
according  to  che  expression 

h2  »  2  n  c . (3) 

The  exponential  variation  of  u  and  H  within  che 
flow  follows  immediately  from  the  simultaneous 
solucion  of  (l)  and  (2)  which  are  in  turn  unified 
to  one  single  expression  if 
lieu"  •  tiliH” . (4) 

Ac  any  annulus  of  che  pool  the  current  density 
flowing  through  ic  is  given  inscarcaneously  by 


1  /2zrh.  (Where  eha  subscript  'p*  refers  co  the 
? 

pool).  A  radius  ;  say  b«  selected  for  which  I  ■ 

P 

(r/h)  I  which  dearly  panics  J  co  ba  represented 
s  P 

by  X/2«\ 

The  pool  curcanc  1^  muse  ba  employed  in  calcula¬ 
ting  eha  Ohmic  power  diaaipaeion  in  a  cylindrical 
annulua  of  cha  flow.  Thi*  ia  equated  with  eha 
powar  absorbed  in  melting  ac  cha  raca  h  which  in 
curn  is  eliminated  using  cha  equation  of  cha 
streamline,  h/h  «  u/r.  Hanca 
(1  (h/r))~  »  (4s*oAoh2u)r  ......  (S) 

in  which  ur  auac  ba  ccaacanc  co  anaura  incompress- 
lbla  flow  of  cha  fluid,  Thus,  since  u  -  dr/dc  cha 
flow  obays  cha  rule  chac  r2  ia  proporcional  co  c 
jus:  lika  h“  and  chair  racio  (h/r)  ia  hanca  invari- 
anc  is  cina.  Equation  (5)  readily  reduces  co 
dr‘/dc  »  2n(uH*/oA)  and  by  comparison  wieh  (3) 
char. 

(h/r)2-(uH2/pA) . (6) 

From  (1).  (2),  4  (4)  cha  vordcicy  and  curranc 
danaicy  ara  relacad,  Cha  laccar  being  furcher 
given  by  (5)  ao  chac 

u  -  (v/pJ^J  -  <A/n)  (UH2/PA)  -  (Al*/n)u.  ...  (7) 
and  since  u  •  u/h  chan 

h  -  n/A1* . («) 

Uichin  cha  nolcan  pool  haae  la  cransfarrad  by 
conducdon  according  co 

K  V2  T  -  pa  37/Sc  -  J2/o  -  H2/h2C . (9) 

Ac  cha  molten  interface  cha  temperature  la  fixed 
ac  cha  malting  point  T^.  Whan  cha  floor  recedes 
at  a  rate.h  (4)  acquires  an  addidonal  driving 
can  V  x(h  x  >)  on  cha  right  hand  side  and  cha 
expression  reduces  co 

nVTJ  -  3K/3c  •  Hh/h  -  nH/h2 . (10) 

In  cha  nobila  reference  frame  of  cha  floor  cha 

Lorencz  and  Ohnic  fields  naucrallza  each  ocher  as 

seated,  and  curl  E  *  0  so  by  Faraday's  law  H  la 

constant  and  cha  last  aquation  shows  chac  ic 

decays  exponentially.  Ac  cha  interface  cha 

conscanc  value  of  H  ■  H  is  given  by  comparing 

(  9 )  and  (10)  above  which  ara  equivalent  if 

H  2  -  CKT . (11) 

a  a 

The  Magnetofluid  Tidal  Wave 

The  square  of  che  velocity  of  propagation,  c,  of  a 
tidal  wave  is  given  by  che  produce  of  che  depth  h 


of  cha  fluid  and  the  gravitational  acceleration, 
ly  analogy  hare  che  force  acting  down  into  che  pool 

**S 

par  unit  mesa  la  J  x  F/e  and  this  has  bean  shown 
co  be  equal  co  cha  inerdal  acceleration  -  3  x  u. 
Fluid  velocity  vectors  radiate  frost  che  are  root 
and  terminate  upon  free  vortex  rings  on  che  stolcan 
Interface.  As  malting  proceeds,  chase  rings  ara 
scratched  and  give  rite  to  cha  accelerating  force 
which  replaces  gravity  in  chis  analogue  of  eldal 
wave  motion.  Thus 

e2  -  h  |j  x  I|  /p  "  (u/o)h(X  /2sr2)  (r/h)K  .  ".  .(12) 

P 

Since  u  *  u/h  it  follows  chac  c  •  +u  and  a  tidal 
disturbance  propagated  inwards  cowards  cha  arc 
rooc  along  cha  surface  of  eha  outwardly  flowing 
fluid  will  give  rise  co  a  standing  crest,  lc 
rasa ins  to  derive  a  relationship  between  eha 
location  of  this  erase  and  cha  currant  flowing  in 
cha  arc.  This  is  accomplished  by  evaluating  (12), 
making  substitutions  for  each  of  ice  terms  using 
(6),  (8)  4  (11).  Thus 

I  /r2  -  2su3/202IX /p** . (13) 

P  * 

The  ring  defined  by  the  wave  crest  divides  eha 
flow  into  two  regimes.  Outside  of  lc  eha  pool 
conditions  referred  co  in  cha  analysis  so  far  will 
pertain.  Only  la  chac  region  can  chare  exist  a 
flow  together  with  a  propagating  wave  because  ur 
is  conscanc  and  a  radius  exists  within  which  u 
exceeds  c.  Fluid  flowe  out  from  che  inner  region 
and  accumulates  in  cha  erase  so  chac  an  upward 
velocity  component  is  acqulrad  in  chac  particular 
annulus.  The  lorencz  field  due  co  chis  will  drive 
a  curranc  density  through  che  annulus  in  opposition 
co  the  supplementary  curranc  mentioned  above  and 
in  passing  through  the  wave  cha  current  is  rascored 
co  cha  measured  value  I.  Thus  che  pool  current  I 

P 

should  be  replaced  by  I  in  (13)  in  order  co  calcu¬ 
late  che  erase  radius. 

A  calculation  has  been  made  from  (13)  for  stainless 
steel  electrodes  using  values  of  resistivity  p 
and  thermal  conductivity  K  for  stainless  steel  ac 
1000°C  since  these  kiguras  were  che  best  available 
although  che  melting  point  is  1800°K.  The  result 
gave  I/r*  -  2.90  x  10  Am  which  is  in  reasonable 
agreement  with  che  measured  value. 

Conclusions 

The  eleccrode  damage  mechanism  is  chus  feasibly 
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denonseraeed  but  it  further  wu«ci  cha  way  la 
which  erosion  occur*.  Continuing  growth  of  the 
croc  would  inevitably  lead  to  breakup  of  the  wave 
•ad  splashing  of  th«  droplets  on  to  eh*  oppositlng 
electrode  *•  ahown  ia  Fig.  2.  Incipient  droplet 
fa  mat  ion  h«h  to  *pp«*r  ir.  Fig.  1.  which  shows 
euapa  of  natal  on  cha  craac  which  *ra  diacribucad 
•round  ic  »•  chough  *  flue*  iaat*bi,Uty  had 
davalopad. 
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Figure  1.  Oacaga  Froa  a  5.5  KV  Spark 

Output  lapadanca  ■  57  (1 
Estimated  Currant  »  100  ka 
Dlacharga  Duration  -  25  naac 


Figure  2.  Vacuus  Spark  Daaaga  Showing  Moral 
Globules  Around  Molten  Area 


*WMta 


-Figure  3,  Schematic  diagram  of  cha  aolcan  pool 
showing  currant  flow  towards  the  arc  axis  on  cha 
cental'  lina  and  the  hydromagnecic  body  fore*. 

A  specific  vor  deity  appears  according  to 
Crocco's  Thao ran  at  cha  aolcan  floor  aa  Ic 
racadaa,  and  tha  Inertial  and  hydroaagnaclc 
body  force*  are  equal.  This  body  forca  drives 
a  tidal  wava  along  cha  free  surface  against 
tha  flow,  producing  a  standing  erase. 


Figura  4.  Scale  of  Daaaga  as  a 
Function  of  Currant 
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Abttrtct 

Coaxial  transmission  lint*,  used  to  traaa* 
It r  the  high  voltaic  pulac  into  tbc  diode 
region  of  a  rclativiatic  electron  beta  gener¬ 
ator,  have  beet  atudied  uaiog  tbc  two-dimen- 
aional  time-dependent  fully  relativistic  aad 
electroaagaciic  particle  simulation  code  CCU8E. 
A  tiaplc  theory  of  aagaclic  iaaulatioa  that 
agrees  well  with  aiaulatioa  reaulta  for  a 
straight  cylindrical  coax  in  a  uniform  external 
magnetic  field  is  used  to  interpret  the  effects 
of  anode-cathode  shaping  and  non uniform  exter¬ 
nal  magnetic  fields.  Loss  of  aagaetic  insula¬ 
tion  appears  to  be  aiaiaised  by  satisfying  two 
conditions:  (1)  the  cathode  surface  should 
follow  a  flux  surface  of  the  external  aagaetic 
field;  (2)  the  anode  should  then  be  shaped  to 
insure  that  the  magnetic  insulation  iapedance, 
including  transients,  is  always  graatnr  than 
the  effective  load  iapedance  wherever  there  is 
an  elcctror  flow  in  the  anode-cathode  gap. 


Introduction 

Elsewhere  in  these  proceedings,  Mike  Jones 

has  described  both  theory  and  simulation  of 

foillcss  diodes.  The  achievement  of  high 

voltage  (>  5  MeV),  higj  current  density 

(>  500  ka/cm  ),  laminar  electron  beams  by  such 

diodes  appears  at  present  to  require  external 

magnetic  fields  on  the  order  of  100  kg.  The 

fringing  fields  from  the  external  magnetic 

field  coils  will  flare  out  to  low  values  back 

in  the  coaxial  transmission  line  feeding  the 

diode.  Also,  in  this  same  fringe  field  region 

the  transmission  line  anode  and  cathode  radii 

may  taper  dramatically  in  order  to  provide  the 

proper  transition  in  impedance  and  size  between 

the  diod,  and  the  insulator  stack.  However, 
1-4  5 

previous  theory  and  simulation  of  transmis¬ 
sion  lines  has  dealt  only  with  straight  coaxial 
transmission  lines  and  no  external  magnetic 
field  or  with  parallel  plate  transmission  lines 


with  a  uniform  external  magnetic  field.  We 
arc,  therefore,  in  the  process  of  addressing 
the  following  three  questions:  (1)  What  is  tbc 
impedance  of  a  straight  coaxial  tranrmission 
line  with  a  uniform  external  magnetic  field; 
(2)  in  a  tapered  coaxial  transmission  line  with 
a  nonumiform  external  magnetic  field*  what  is 
the  proper  cathode  shape  relative  to  the  exter¬ 
nal  magnetic  field  lines;  (3)  What  constraints 
on  the  impedance  profile  along  the  transmission 
line  minimise  the  loss  of  magnetic  insulation? 
These  questions  are  being  studied  using  the 
two-dimensional  time-dependent  fully  relativis¬ 
tic  and  electromagnetic  particle  simulation 
code  CCV8E6  and  simple  theories.  Preliminary 
results  are  given  below. 

Straight  Coaxial  Transmission  Line,  Uniform 

An  analytic  theory  of  magnetic  insulation 
in  a  straight  coaxial  transmission  line  with  a 
uniform  external  axial  magnetic  field  BQ  *  BQz 
appears  to  require  some  further  simplifying 
assumption  or  approximation  (e.g.,  ignoring  the 
axial  self-magnetic  field  or  imposing  some 
relation  between  radius  and  one  or  more  veloc¬ 
ity  components).  The  choice  of  such  a  simpli¬ 
fying  approximation  can  perhaps  be  guid_-‘  by 
simulations,  but  at  the  time  of  writing  this 
paper,  only  the  simplest  possible  theory  has 
bern  completed  and  compared  with  simulations. 

This  theory  first  involves  generalizing 

i 

the  critical  current  calculation  by  Creedon  to 
include  the  uniform  external  field  Bq.  The 
result  is 
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where  I0  I  l"a»<c/p0e  3  4500  A,  I  l  *  eVg/a^e' 
with  Vq  the  anode-cathode  potential,  u,  i  elg/a^, 
4 ml  i  lad  b  arc  respectively  the  cathode  tad 
anode  radii.  Our  simple  theory  iavol.ee*  asaua- 
tng  a  relation  betweca  and  he  nctual  total 
current  flowing  in  the  transalsaita  line. 

Our  aotivation  for  this  assumption  steae 
froa  existing  aagnetic  lasulation  theory’  for 
straight  coaxial  traasaissioa  lines  with  I*  ■  0. 
In  all  of  these  theories  a  free  paraaeter 
exists.  One  possibility  is  a  continuua  of 
magnetic  insulation  states  corresponding  to 
different  conditions  on  the  electrons  in 
regions  where  there  la  a  x-varlatlon  aloag  the 
transmission  line.  Another  possibility  is  a 
previously  overlooked  general  principle  which 
would  allow  the  electrons  to  pick  a  unique 
insulation  state.  Ve  believe  that  the  latter 
is  aorc  likely  in  a  transaission  line  and  that 
the  general  principle  involved  is  Mxialzatloa 
of  the  entropy  production  rate.  This  trans¬ 
lates  into  aaxialxing  the  power  flow  since  in  a 
transaission  line  the  terminating  load  impe¬ 
dance  is  equivalent  to  a  resistor.*  If  the 
iapedance  at  the  laput  to  the  transaission 
line  is  Zj  and  the  incoaing  (or  right  going) 
voltage  there  is  Vj,  then  the  voltage  across 
the  line  is 


vL  =  :  vr  zL/( zt  ♦  zL>  C) 

where  Z^  X  Vj/I^  is  the  line  iapedance  and  I^ 
is  the  total  line  current.  The  transmitted 
power  P  I  1^  =  I^(2Vj  -  Zj  1^)  has  a  aaxiaua 
at  =  Vj/Zj  and  decreases  for  higher  cur¬ 
rents.  If  one  includes  the  effect  of  insula¬ 
tion  loss  at  an  iapedance  rise,  the  total  or 
effective  Zj  {as  viewed  froa  the  line)  always 
satisfies  Zj  2  Z.  which  iaplies  1^  i  Vj/Z^. 

'.Vote  that  this  power  flow  argument  cannot  in 
general  be  applied  to  the  operating  character- 
istics  of  a  diode  because  a  highly  ordered 
electron  beaa  is  not  equivalent  to  a  resistor. 


Thus,  aaxiaua  power  flow  requires  an  electron 
current  distribution  that  ainialxes  the  total 
line  current  1^.  Furthermore,  the  existing 
theories’  with  “  0  all  have  very  close  to 
the  same  value  for  the  minimus  If ,  Finally, 
this  value  agrees  well  with  simulation 
results^’*  for  the  steady-state  magnetic  insu¬ 
lation  current  over  a  wide  voltage  range 
(1-20  HeV),  and  this  value  is  always  approxi¬ 
mately  1/0. 12  larger  than  the  ct  .tical  current 

lc  (with  10  «=  0). 

Thus,  we  takn  the  steady-state  aegn-.tic 
insulation  current  to  he  L  >  I  /«  even  vhtr 

il  C 

Bg  /  0.  The  corresponding  steady  state  mag¬ 
netic  insulation  Impedance  Z^  I  Vq/!^  is  then 


where  Z^  a  60  0  to(b/a)  is  the  vacuua  coaxial 
transmission  li’„  ■  impedance,  VQ  is  the  anode- 
cathode  potential,  sad  «  «  0.12  t  0.01  is  deter- 
ained  froa  a  fit  to  simulation  results.  As 
*0  Increases,  however,  Ic  »  0  while  we  know 
Zjj/Zq  t  1.  Hence,  Eq.  (3)  can  be  correct  only 
for  sufficiently  swell  1Q  or  large  yQ.  This  is 
demonstrated  in  Fig.  t  where  Eq.  (2)  is  used  to 
find  VQ  a  vL  with  Z^  *  Z^  obtained  froa  Eq.  (3), 
Vj  la  fixad  at  cither  1.5  HeV  or  6.14  McV, 
Zj  «  Zj  *  37  0,  i  «  1  ca,  and  h  *  1.153  ca.  The 
agreeaeut  between  simulation  and  this  siaplc 
theory,  especially  at  high  voltage,  Is  suffi¬ 
cient  to  help  design  and  interpret  the  results 
of  the  more  coaplex  sisMlations  described  next. 

Field  Line  Orientation 

The  next  aiaplesc  configuration  one  aight 
try  is  a  straight  coaxial  transaission  line 
with  a  noccniform  external  aagnetic  field  §Q. 
The  results  are  indicated  in  Fig.  2.  Here  Bfl 
increases  froa  0.5  kg  to  100  kg  in  a  length  of 
60  ca  with  a  s  1  ca,  b  *  1.153  ca,  and 
Vj  =  6.14  MeV.  The  aagnetic  insulation  initial¬ 
ly  proceeds  about  tbe  same  as  with  3^  =  0  until 
the  position  is  reached  where  3^  *  20  kg. 


Electron*  emitted  in  the  weeker  field  region 
cannot  pest  this  position  but  rather  go  to  the 
anode.  Electrons  emitted  in  the  hi|hcr  BQ 
region  acquire  a  negative  z-velocity  and  also 
go  to  the  anode  (for  a  total  current  loss  of 
*0X)  thereby  reducing  the  actual  operating 
impedance  by  an  additional  factor  of  1/2  over 
Eq,  (3)  with  Bq  *  0.  The  negative  v^  of  the 
electrons  in  the  high  1Q  region  is  due  to  the 
strong  v.  x  B  force  overtaking  the  -v  x  B. 
force  as  the  Bq  field  lines  converge  toward  the 
axis.  Clearly,  one  should  avoid  having  a  com¬ 
ponent  B|  £  *(jwi/v6  °*  -0  ^^“dicular  the 
cathode. 

Thus,  the  next  configurations  tried  have 
cathodes  that  follow  a  flux  *’4rface  of  Bq.  In 
Fig.  3,  the  cathode  is  shaped  in  this  fashion 
until  the  straight  section  is  reached  where  BQ 
continues  to  increase  from  il  kg  to  10  kg. 
Also,  the  anode  radius  drops  linearly  from 
12.85  cm  to  1.85  cm  while  the  cathode  drops 
linearly  from  4.4  cm  to  1  cm,  and  Vy  *  8.35  MeV. 
There  is  very  little  loss  of  insulation  in  the 
tapered  section,  but  approximately  301  of  the 
total  current  is  lost  to  the  anode  in  the 
straight  section.  In  Fig.  4,  the  cathode  is 
shaped  to  follow  BQ  over  the  entire  length  of 
33  cm  where  BQ  goes  from  2  kg  to  80  kg.  The 
anode  tapers  roughly  linearly  from  23.6  cm  to 
2  cm  while  the  cathode  tapers  as  shown  from 
8.4  cm  to  1.2  cm,  and  Vj  »  8.35  MeV.  Once 
again  the  electrons  emitted  in  the  low  Bq 
region  cannot  pass  a  critical  Bq  position  (here 
when  Bq*  3.5  kg).  However,  the  current  lost 
to  the  anode  is  only  about  71,  and  it  is  spread 
over  about  1.5  cm  (along  z)  for  a  current 
density  of  less  than  0.1  kA/cm~  at  the  anode 
surface.  In  the  next  section  we  offer  a  pos¬ 
sible  explanation  for  this  loss. 

Ismcdancc  Revisited 

In  the  shaped  transmission  lines  described 
above  (Figs.  3  and  4),  the  vacuum  impedance 
Z0(z)  monotonically  decreased  by  about  a  factor 
of  two  with  increasing  axial  position  z.  In 
simulations  with  BQ  =  0,  this  impedance  drop 


insured  that  only  a  slight  transient  insulation 
loss  occurred.  The  discrepancy  between  this 
case  and  the  Bq  #  0  case  (Figs.  3  and  4)  might 
be  interpreted  by  saying  that  complete  magnetic 
insulation  requires  ZH(x)  2  Zy  wherever 
Zjj(x)  <  Zq(s)  due  to  the  electron  flow,  where 
Zy  is  the  terminating  or  load  Impedance.  Other¬ 
wise,  there  will  be  some  etcady  loss  of  insula¬ 
tion  in  the  region  around  the  absolute  minimum 
of  the  impedance. 

This  would  explain  the  insulation  loss  in 
Fig.  3  because  Eq.  (3)  gives  Zjj(z)  >  Zy  only  up 
to  near  the  straight  section  where  ZQ  «  Zy. 
Hear  the  start  of  the  straight  section  (where 
Bq  Is  still  small)  2^  <  Zq  ■  Zy,  and  as  we  move 
into  the  high  Eq  region  the  electrons  arc  clamped 
to  the  cathode  and  Z^  rises  up  to  Zq  *  Zy. 

The  explanation  of  the  small  insulation 
loss  in  Fig.  4  is  more  subtle  because  the 
effective  load  impedance  Zg(z,t)  differs  from 
Zy  due  to  the  rise  time  of  the  high  voltage 
pulse.  Using  the  telegraphers  equations,  with 
the  subscript  "T"  denoting  measurement  at  the 
terminating  position  Zy,  and  assuming  a  small 
time  derivative  Vy,  gives 


For  our  case  where  ZQ(z)  2  Zy  *  Z0(Zy)  and 
Vy  2  0,  Zg(x,t)  2  Zy.  In  spite  of  this,  for 
the  case  shown  in  Fig.  4,  Eq.  (3)  gives 
Z^(z)  2  Zg(z,t)  and  yet  there  is  still  some 
small  loss  of  insulation.  The  problem  is  that 
in  magnetic  insulation  there  are  transients 
where  the  impedance  Z^(z,t)  drops  Iby  as  much 
as  30%)  below  th*  final  steady  state  value 
Zjj(z)  given  by  Eq.  (3).  Indeed,  in  the  loss 
region  shown  in  Fig.  4,  swasurements  indicate 
Zjj(z,t)  <  Zg(z,t)  by  about  7%.  Furthermore, 
once  this  lost  region  forms  (due  to  a  transient 
where  Z^  <  Zg)  ar.d  propagates  to  the  high  Bq 
regiou  (where  Z^  rises  to  Zq)  it  appears  to  be 
difficult  to  get  rid  of.  Thus,  complete  magnet¬ 
ic  insulation  seems  to  require  the  stricter  con¬ 
dition  2^(1, t)  2  Zg(z,t)  wherever  Z^z)  <  Zq(z). 


Tentative  Conclusion! 


Mlnlalxatlon  of  aagcetic  insulation  loss 
appears  co  require  two  conditions:  (l)  the 
cathode  aurface  should  coincide  with  a  flux 
surface  of  the  external  sugnetlc  field  Bfl  at 
tease  until  B0  «  !g  vc/ygt  (2)  the  vacuus 
ispedaace  Zg(x)  should  drop  sufflcleatly  aad 
the  rise  tie*  V^/'V^  sould  be  sufflcleatly  long 
that  2^(x,t)  2  2j.(x,c),  including  all  tran¬ 
sients,  wherever  ^(x)  <  Zc(x). 
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Fig.  1.  Iapedance  of  straight  coax  vs.  unifora 
3..  Solid  lines  are  theory,  Eq.  (3), 
with  a  -  0.82.  Open  and  closed  circles 
are  from  sioulations. 


Figv  2.  Straight  coaxial  transmission  line,  non- 
unifocn  Bq.  Tina  -  1.72  nsec. 


Fig.  3.  Shaped  coaxial  transaission  line,  non¬ 
unifora  Sq.  Tlae  •  5.38  nsec. 


Fig.  4.  Shsped  coaxial  transaission  line,  non¬ 
unifora  Sq.  Tine  -  19.5  nsec. 
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Abstract 

Self-magneclcally  Insulated,  high  voltage  cransmls- 
alon  linai  arc  uacd  In  Inertial  confinement 
fusion  particle  accelerator**  co  transmit  power 
froa  the  vacuus  lneulacor  to  the  diode.  Injection 
and  output  convoluted  taction*  pote  tpadal 
problem*  In  establishing  the  detlred  electron  flow 
pattern  needed  to  maintain  high  overall  efficiency. 
A  time  Independent,  2-D  numerical  code  for  planar 
or  trlplate  geometric*  calculate*  the  motion  of  a 
tett  electron  through  the  tapered  Input  or  output 
convolute* .  The  1-D  parapotentlal  model  1*  aatumed 
to  be  appropriate  at  each  poiltlon  and  the  magnetic 
field  and  potential  distribution  ere  calculated 
in  the  vicinity  of  the  particle.  The  electric 
field  1*  then  calculated  froa  Gauss's  law,  and 
the  electron  motion  1*  calculated  relatlviatlcally . 
The  reaults  *how  that  the  Qlectron  canonical  moaen- 
tua  In  the  direction  of  flow  change*  a*  the  elec¬ 
tron  pa***t  through  a  convoluted  geometry.  A* 
shown  by  Mendel,*  these  electrons  flow  between  the 
conductors  after  the  convolute  without  re-inter¬ 
secting  the  cathode.  U*  hypothesise  that  these 
electrons  lead  to  the  losses  observed  In  long 
scif-magnetlcally  Insulated  lines.  Results  of 
calculations  are  correlated  with  result*  of  the 
Kite  power  flow  experiment. 

Introduction 

Transition  sections  into  the  magnetically  Insulated 
transmission  lines  can  excite  an  apparent  Instabi¬ 
lity  In  the  electron  flow  within  the  transport 
section3'*  and  cause  severe  energy  losses.  A 
numerical,  time  Independent  2-D  code,  MITT,  has 
been  written  co  Investigate  the  effect*  of  these 
transition  sections  on  the  flow  pattern  within  the 
transport  section.  The  code  Is  used  to  examine 
the  Input  transition  In  the  Kite  experiment. 

The  results  suggast  that  the  Input  transitions  pro¬ 
duce  electron  flow  in  which  theaxial  canonical 
momentum  ?„  Is  approximately  10*'  kg-a/s  or  10”° 
of  that  allowed  In  the  line.  The  transitions  that 
produce  broad  canonical  momentum  distributions 
F(PX)  are  correlated  with  efficient  power  transport 
In  the  experiments.  Those  that  produce  narrow 
distributions  are  correlated  with  lossy  transport 
experimentally. 


*Tliis  work  was  supported  by  the  U.S.  Dept,  of 
Energy,  under  .ontract  DE-ACQ4-76-DP00789. 


Description  of  the  Problem  and  the  Approach 

The  rectangular  geometry  used  in  KITE  Is  appro¬ 
priate  co  triplate  type  transition  sections  and  Is 
>Aown  In  Fig.  1.  The  effective  width  v  of  the 
lines  perpendicular  co  t  and  t  *  J,  and  the  con¬ 
ductor  separation  d  are  variables  chat  specify  the 
geometry  of  either  the  Input  or  the  output  transi¬ 
tion  section.  Time  Independence  Is  assumed  In 
KITL  since  the  transit  time  through  the  transi¬ 
tion  sections  are  typically  a  few  nanoseconds  and 
are  much  shorter  than  the  pulse  duration.  Electro¬ 
magnetic  field*  within  the  magnetically  Insulated 
lines  are  calculated  on  the  assumtlon  that, the  1-D 
parapotentlal  equations  derived  by  Creedon5  arc 
appropriate  for  each  position  In  the  2-D  convolute. 
The  justification  for  using  the  1-D  parapotentlal 
model  Is  two  fold:  First,  the  scale  length  for 
the  geometry  variation  Is  long  compared  co  the 
seperaclon  between  conductors  so  the  flow  is 
approximately  one  dimensional  at  each  position. 
Secondly,  the  parapotentlal  theory  adequately 
describes  the  relationship  between  the  total  cur¬ 
rent  X7,  the  boundary  current  XB  Inside  the 
negative  conductor,  and  the  voltage  for  s  given 
line  with  a  vacuum  wave  Impedance  Z..  The  agree¬ 
ment  with  2-D  electromagnetic  PIC  simulations0 
ond  experiments Is  within  the  numerical  and 
experimental  uncertainties  respectively.  The 
electromagnetic  field*  from  the  2-D  calculation0 
for  a  Hit*  like  line  at  2.4  MV  with  XT  -  450  kA 
and  I.  ■  243  kA  in  a  coaxial  geometry  with 
Zp  “  SO,  have  bsen  compared  in  Refs.  6  and  7,  and 
the  agreement  justifies  the  us*  of  psrapotencial 
theory  In  these  calculations. 
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Fig.  1.  Transition  section  geoaetry  in  KITE.  The 
line  width  is  specified  m  the  Z  direction. 


The  ccic  electron  U  ch«n  injected  Inco  eh*  con¬ 
volute  and  ic<  notion  followed  chrough  che  convolute 
and  tnco  cha  unlfors  self-sagnedcally  lnaulacad 
cransalsslon  Una.  Onca  inalda  cha  unifor*  Una, 
cha  canonical  aoaencus 

?x  -  V°x  -  4AX  <l) 

ta  a  constant  of  tea  notion,  uhaca  a  i*  Cha  alac- 
cron  raac  mu,  -a  1*  cha  alaccron  charge,  l)x  la 
lea  axial  velocity,  ii  cha  axial  coapenenc  of 
Cha  sagnacic  vector  potential  and 

\  S  i/(l  -  U2/ca)l/2  (2) 

for  an  alecccon  of  apaad  U  and  c  •  3  x  10*  a/a. 

The  cua  of  ica  Vine tie  and  pocandal  energy  la 
alao  a  conacanc  of  lea  aodoa.  Sicca  cha  pcobles 
la  assuaed  co  ha  alaccroacadc,  cha  energy  la  not 
changed  by  cha  convoluca.  However,  a Inca 
dL/dx  /  0  in  cha  convoluca,  chan  ?x  la  changed 
by  afx  according  co  Lagrange's  equation  aa  cha 
alaccron  novae  chrough  cha  convoluca.  Conse¬ 
quently,  cha  problea  la  reduced  co  calculating  a?x 
accurately.  Generally,  cha  liaicaclons  of  finite 
call  iisa  ted  a  finite  nuabar  of  parciclaa  in  2-0 
aalf-conetecanc  elauledona  aavaraly  Unit  cha 
accuracy  vich  which  a?x  can  be  coapuced.  The 
ntaarical  nolle  la  avoided,  ac  cha  expenea  of_self- 
eonaiacancy,  by  uaing  analytic  equation*  for  C  and 
F.  Without  eelf-consiacency  cha  calculadona  are 
not,  however,  quantitatively  exact.  The  value  of 
chase  calculadona  is  cha  lnalghc  they  provide 
into  the  efface  of  convolute*  on  cha  alaccron 
flow. 


The  initial  value  of  X  »  la  chosen  for  each 
calculation. 


The  total  currant  flowing  through  a  nagnacicaliy 
insulated  Una  is  given  by 


V  IaS^(in[7a  +  (732 


l)l/2l  + 


To  "  *7fc 

(*vC77 


l  (5) 
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where  V9  la  cha  value  of  r  ac  Ya  cha  adga  of  cha 
flow  paccem,  and  y  la  given  by  cha  applied 
line  voltage.  The  local  Una  gaosecry  decerslnes 
cha  value  of 


60  u(x) 

«  -T-  "  H3Tx) 

0 

The  input  parameter*  arc  cha  Una  profile  w(x)  and 
d(x)  for  each  axial  position  x,  the  voltage  Y0  ac 
cha  anode  for  V  ■  0  ac  cha  cathode,  and  Cha  cocal 
currant  chrough  cha  structure.  For  a  given 
position  (x,y),  cha  value  of  y  (x)  is  calculated 
fro*  Eq .  4,  The  voltage  V(x,yJ  is  given  by 

V  (cosh-j^  -  1)  0<T<Ya 

T  ac2  "  yn  , 

V  - ) 


(6) 
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Description  of  the  Prograa 

The  prograa  involve*  the  choice  of  the  Initial  con¬ 
ditions  for  cha  alaccron  as  lc  leaves  cha  cathode 
plassa  ln_ch*  convolute, _the  calculation  of  the 
electric  F  and  sagnacic  F  fields  in  cha  vicinity 
of  che  ease  electron,  and  the  incagradon  of  cha 
reladvlsdc  equation  of  soclon  as  cha  pardcla 
progresses  chrough  cha  convolute  and  cha  unlfor* 
transslsslon  line.  Each  feature  will  be  discussed 
and  chen  cha  result*  of  che  Mice  calculations  vdl 
be  prasenccd. 


whara  Ya  is  cha  position  of  the  sheath,  Y0  is  che 
position  of  cha  anode  and  the  cathode  la  ac  Y  •  0. 
The  value*  of  V  ac  four  posldons  equally  spaced 
abouc  (x,y)  are  calculated  and  cha  electric  field 
is  calculated  froa 

E  -  -  VV  (10) 

The  local  sagnecic  field  B  ■  3.  s  is  given  by 

B.  -  (V-  l)  0  <  Y  i  Y,  (11a) 


The  ease  pardclas  are  assuaed  co  originaca  in  a 
tachode  plassa  ac  a  y  coordinace  y0  -  10~°  a, 
where  che  voltage  is  £  0.3  eV  and  che  sagnecic 
vector  potential  is  A~,  which  is  calculated  froa 
the  parapocendal  theory.  The  initial  energy  of 
the  electron  is  chosen  between  1  and  10  eV  co 
slsulace  che  effect  of  electron  osission  froa  a 
few  eV  plassa.  The  initial  particle  energy  decer- 
sines  che  absolute  value  of  che  electrons  initial 
velocitv_U0.  The  initial  canonical  sosencua 
?"  -  ?x  x"  is  assuaed  to  be  rero,  so  lniclaUy, 
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x 


^0 

7  a 
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(3) 


S.  -  if  Ya  <  Y  <  Y0  Ulb) 

The  relaclvlsdc  equation  of  soclon  for  che 
electrons  Is  j 

ft  O^MU)  -  (E  +  t?  x  F)  (12) 

and  is  combined  with  che  local  electric  and 
sagnecic  fields.  Ic  is  then  solved  using  che 
integration  routine  STFOBE®  co  find  che  new 
pardcle  poscion  end  velocity  cosponencs,  within  a 
given  error  criteria,  after  a  else  lncresenc. 

The  particle  is  progressively  accelerated  chrough 
che  transition  and  transport  sections  of  line  for 
successive  else  seeps. 

Results 

The  Mice  experisenc2,4  used  two  transition 
geosecries  to  change  the  gap  spacing  froa  3.32  co 


0.01  a  In  a  crlplate  vacuus  cransalsslon  line  with 
an  effective  width  u  -  0.50  a.  In  the  first 
geosetry,  the  transition  was  sadc  over  an  axial 
length  of  0.04  a  and  40  percent  of  the  power  was 
lost  between  0.50  and  1.4  a  froa  the  beginning  of 
the  unifora  line.  The  second  transition  was  oade 
over  an  axial  length  of  0.14  a  and  the  power  trans¬ 
port  was  about  100  percent  efficient.  These  two 
gcosetrlcs  were  t'aulatcd  with  typical  Hite  para- 
aecers  of  Vfl  -  2.J  51V,  I-  “  0.4  5tA. 

The  effect  of  having  space  charge  In  the  vacuus  gap 
is  illustrated  In  Fig.  2.  The  equlpotiintlals  for 
a  1  ca  taper  are  shown  for  the  Kite  parameters  of 
V.  and  If.  The  position  of  the  edge  of  the 
electron  sheath  Is  Y_  and  Is  shown.  The  effect 
of  the  space  charge  Is  to  produce  a  positive  Eg 
near  the  cathode  and  to  distort  the  distribution 
of  Ey  and  8.. 


Fig.  2.  Effect  of  space  charge  in  vacuus  gap  of 

1  ca  long  transition  is  shown.  The  dotted 
lines  are  equlpotentlal  at  200  kV  intervals 
and  Ya  Is  the  electron  sheath  position. 

For  the  severe  0.01  a  long  transition  the  distor¬ 
tion  is  not  very  large.  The  aaxisus  value  of 
Eg/(V  /d)  is  only  0.005  for  the  1  ca  t.per  and  is 
auch  less  for  the  0.04  a  and  0.14  a  tapers.  Con¬ 
sequently,  the  effect  of  the  convolute  on  the 
electron  codon  is  saall  and  auat  be  calculated 
with  a  very  saall  relative  and  absolute  errors  of 
6  =  10"6  X. 

The  current  I.  carried  by  the  electron  flow  increase 
steadily  as  the  spacing  between  conductors  is 
reduced  In  the  transition  section,  as  shown  in 
Fig.  3  for  the  0.14  a  taper.  The  final  canonical 
aoaentua  that  the  electron  achieves  as  it  is 
accelerated  through  the  convolute  Is  shown  ae  a 
function  of  Its  Initial  position  X0  In  Fig.  4  and 
5  for  the  0.04  n  and  0.14  a  convolutes  respectively. 


The  ealsslon  current  as  a  function  of  is  also 
shown.  Since  the  differencial  electron  current 
J((x)  « AX4/.iX  Is  supplied  froa  the  cathode,  the 
approxiaate  shape  of  the  canonical  aoaentua  dis¬ 
tribution  F(FX)  can  be  approxlaated  by 

1 

F(FX)=*  Y  wee  CP  lex 
a  x 

which  la  shown  In  Fig.  6  for  both  tapers  under  the 
aasuapclon  that  the  Initial  energy  h*0  of  the  elec¬ 
trons  is  10  eV  at  the  cathode  surface. 


Fig.  3.  The  electron  current  I(  and  the  calculated 
ealsslon  current  per  unit  length  for  the 
0.14  a  long  transition  is  shown. 


Fig.  4.  The  final  canonical  aoaentua  ?x  and  the 
electron  ealsslon  current  J(  vs.  the 
initial  electron  position  X0  for  the 
0.04  a  caper. 

Discussion  and  Conclusions 

In  both  cases,  the  canonical  aoaentua  is  negative 
and  FlP^)  has  a  very  saall  width.  The  spread  In  „ 
?,  Is  5sl0-t>  of  chat  allowed  In  the  unlfora  line/ 
Tfie  saall  values  of  Px  obtained  with  space  charge 
are  auch  less  chan  cbe  values  esclaaced  froa  the 
vacuus  fields  alone. 
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71$.  0.  The  calculated  distribution*  F(PX)  for  th« 
Mica  transition  sections. 


The  fact  that  ?x  <  0  for  the  injected  electrons 
seans  that  they  vlll  flow  for  sany  Lessor  radii. 
Electron  with  -  10  eV  travel  through  the  line 
past  the  O.SO  a  position  at  which  the  losses  occur 
and  could  be  susceptible  to  an  instability  with  a 
spatial  grouph  length  such  less  thin  O.SO  a,  a* 
hypothesised'*  to  explain  the  Hite  results. 

Since  the  electron  current  is  a  very  strong  func¬ 
tion  of  the  separation  between  plates,  the  bulk  of 
the  electrons  in  the  flow  have  saall  values  of  ?x. 
Sven  though  the  gradients  in  the  fields  are  larger 
near  the  end  of  the  transition,  the  electrons  are 
accelerated  through  the  transition  section  before 
they  acquire  a  large  negative  canonical  aosentua. 


The  electrons  with  sore  negative  value*  of  Px 
originate  further  fro«  the  output  of  the  transition 
section.  The  effect  of  using  a  sore  gradually 
tapered  transition  section  is  to  broadan  the  canon¬ 
ical  momentum  distribution.  Since  the  nor*  gradual 
taper  baa  efficient  power  propegetlon,  the  results 
indicete  chat  a  broader  F(PX)  provide  sort  reliable 
transport  in  long  lints.  An  injector  designed 
auch  that  Jx  approximately  equals  a  coostact 
through  a  long  tranaltlon  aectlon  should  be  the 
optimal  arrangement.  Such  a  transition  section 
will  be  designed  end  tested  on  the  .Hite  experiment. 

In  conclusion,  the  simulation*  indicate  that  the 
difference  between  the  distributions  7(PX)  for  the 
lossy  and  the  efficient  transitions  is  small  but 
significant.  The  results  suggest  a  way  to  improve 
the  transition  and  define  experiment  and  theory 
development  inquired  to  explore  the  Implications 
further.  The  results  indicate  that  an  experiment' 
to  measure  1(f)  for  the  Kite  transition  sections 
should  be  capable  of  resolving  the  distributions 
in  Fig.  6.  finally,  the  stability  of  electron 
flow  with  F(fx)  slmllier  to  those  presented  in 
Tig.  6  should  be  examined  under  t.-;s  conditions  of 
the  large  Ey  and  3„  present  in  self  magnetically 
insulated  transmission  lines. 
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Abstract 

Magnetically  insulated  vacuum  atructuiw* 

{ HI  VS  J  can  be  u**d  to  overcoat  the  limitation  on 
pover  flow  in  liquid  dielectrics  and  dielectric 
vacuus  interfaces  in  pulsed  hi?)  pover 
accelerators.  1  short  11  ml.  lov- impedance 
C0  •  501  coaxial  KTVS  with  a  gap  of  5  sei  »»« 
studied  experimentally.  lover  flows  of 
1.5  x  lo'°  «  cc.~x  were  obaerved.  The  currant 
pulse  showed  soma  erosion  before  the  onset  of 
magnetic  insulation.  The  transverse  alactioa 
currant  arising  froa  this  erosion  was  observed 
with  raraday  cups  labedded  lr  the  wall.  Magmatic 
insulation  was  lost  about  60-70  aa  into  rhe 
pulse.  This  loss  vaa  also  obaerved  in 
the  Faraday  cups  and  radiation  diagnostics.  This 
loss  of  magnetic  Insulation  is  associated  with 
closure  of  the  gap  by  cathode  plasma. 

Introduction 

Magnetically  insulated  vacuum  structures 
(KIVSl  say  be  used  to  overcome  limitations  on 
power  flew  in  liquid  dialectrlca  and  dielectric 
vacuus  interfaces  in  pulsed  high  power 
accelerators,  however,  there  are  limitations  in 
the  energy  transport  efficiency  in  KTVS  arising 
from! 

1.  Transverse  electron  flow  in  the  gap  as 
mag-stlc  Insulation  is  established.  This 
electron  current  erodes  the  front  of  the 
pulse. 

2.  Current  loss  to  the  anode  due  to 
instabilities  in  the  longitudinal  space 
charge  flow  once  insulation  is  established. 
1.  toss  of  insulation  due  to  cloture  of  the 
gep  before  the  end  of  the  power  pulse.  This 
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closure  la  due  to  motion  of  the  cathode 
plasma  across  the  gap. 

4.  Ion  flow  across  the  gap  once  s  plasma  has 
been  established  at  the  anode  by  electron 
leakage  current. 

in  experiment  has  been  designed  and 
diagnostics  have  bean  developed  to  investigate  how 
magnetic  insulation  la  established  and  lost  in  a 
coaxial  Ml  VS ,  the  re  fo  re  providing  some  insight  on 
the  limitation*  above. 

The  measurements  revealed  that  the  width  of 
the  front  which  eatsblishea  siagnetic  inaulatlon  is 
much  shorter  than  the  length  of  the  tfXVS  under 
investigation.  Therefore,  even  though  the  KXVS  IS 
short  by  the  conventional  definition’  I1  <<  Ct 
where  l  Is  the  length  of  the  structure  and  T  la 
the  rlaetime  of  the  pulaa),  it  exhibits  the 
prepardos  which  have  been  attributed  in  the 
literature  no  a  long  structure  (l  »  ct). 

It  Is  suggested,  therefore,  that  the 
distinction  between  a  “abort*  and  “long*  structure 
should  be  based  upon  a  comparison  of  the  length  of 
the  structure  and  the  width  of  the  propagating 
front  tdiieh  establishes  magnetic  insulation. 

Measurements  also  revealed  that  the  apparent 
velocity  of  the  front  is  substantially  lower  than 
that  predicted  by  theory2'^  for  the  voltages 
measured  in  the  experiments. 

While  bounds  have  been  established  on  the 
magnitude  of  the  leakage  currant  which  may  be  due 
to  instabilities  in  the  electron  flow,  plasm* 
closure  tms  been  identified  ss  the  cause  of  loss 
of  magnetic  insulation.  The  current  flow  across 
the  gap,  once  magnetic  insulation  is  lost,  has 
bean  determined  to  be  due  to  electrons.  Calcula¬ 
tion*  show  that  there  is  not  enough  energy 
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deposited  la  the  anode  to  produce  a  plassw  which 
could  be  «  source  of  ions. 

txperirental  Apparatus  and  Olacnoaclc* 

A  3ch<uuc  of  the  coaxial  H1V3,  drawn  to 
scale,  appear:  La  Flours  1.  The  figure  shows  the 
coax  (4  -  u  s)  terminated  with  a  'excusing  dloda 


Figure  1  Vacuum  coax  apparatus. 

load.  The  Inner  radlua  r  of  tha  coax  La  6.2  as, 
tha  radial  94?  d  Is  i  ax,  and  the  geometrical 
factor4  9  equals  12.6  t>)  «  600/5^).  TO  minimize 
tha  dlsturbancas  to  tha  apace  charge  flow,  9j,lcona 

*  •Jeoax  *  «dlode  '"■«  «*»■«■ 

Tha  coaxial  HI  VS  was  attached  to  tha  output 

jJ  tha  CWL  II*  accalarator  through  a  bloonlc 
adapter.  This  '  1  TVI  accalarator  with  a  water 
dielectric  coaxial  output  circuit  has  an  affactlva 
source  lapadanca  of  1.20.  Prcpulse  was  reduced  tr. 
less  than  4. 1  <v  peak. 

The  diagnostics  used  In  the  experiments  wersi 

1.  A  vacuua  voltage  aonltor  at  tha  Input  of 
the  transmission  Una*. 

2.  Self-integrating  aogovekl  colls*  placed 
lh  grooves  in  the  cathode  and  anode  of  the 
structural  their  locations  are  shown  In 
Figure  1. 

1.  A  high-currant  graphite  shunt *  was  placed 
at  the  I4  location  where  electron  bombardment 
caused  the  epoxy  potted  aolls  00  fell. 

•4.  Faraday  cupe  consisting  of  a  0.32-cat-o.d. 
collector,  nested  In  a  0.46-ca-diamecer  hole 
m  the  anode,  shunted  to  ground  via  a  *  10 
resistor. 

Sxcermental  ha  suits 

The  solid  waveform  in  Figure  2  Is  the  Input 


voltage  to  the  coax  (VjJ  with  a  g  *  12.6  diode 
load.  The  dashed  and  dotted  waveforms  are  tha 


currents  IQ  and  Z4  at  the  Input  and  output  of  the 
coax,  respectively.  The  soar  significant  fsatures 
of  the  waveforms  era  the  following) 

a |  There  are  about  120  kV  on  the  line  before 
current  (!q),  which  is  in  excsss  of  tha  dis¬ 
placement  current,  begins  to  flow  (A  In 
Figure  2).  This  voltage  corresponds  to  s 
mean  field  of  240  k V  ca"1.  A  field  Of  this 
magnitude  Is  required  to  achieve  field 
emission  from  exploding  whiskers  on  tha 
cathode*. 

b)  The  currant  at  the  output  (Xj)  rises 

20  ns  after  the  current  at  the  Input  Iq  ( A*8 
In  Figure  2).  It  is  also  40  kA  lass  than  the 
currant  at  the  Input  until  shortly  after  peak 
voltage  (8*C  In  Figure  2),  when  Impedance 
collapse  takes  piece  In  the  structure.  It 
takas  place  In  two  phases  described  below. 

c)  In  the  first  phase,  tha  current  shows  an 
upward  Inflection  as  tha  voltage  peaks  and 
then  drops  (C  In  Figure  2).  Aa  tha  voltage 
continues  to  drop,  1^  diverges  from  Ig  ^ 

soma  hlc^i  frequency  structure  appears  on  the 
X4  waveform  (C-0  In  Figure  2). 

d)  In  the  second  phase,  the  Input 
voltage  (Vj)  drops  300  kV  in  a  few 
nanoseconds  (B*E  In  Figure  2).  The  current 
at  the  input  (IgJ  displays  an  abrupt  rise 


while  l4  tc  cha  output  rises  slightly,  a; 
first,  chan  drop*  and  finally  clasp* . 

"he  signal  froa  ciu  Faraday  cup*,  which  yield 
a  local  aeasursaent  of  current  density  at  rhe 
anode .  explains  the  difference  between  the  input 
and  output  current  waveforae  displayed  in 
rigure  3.  The  Faraday  cup  waveforms  appear  in 
Figure  1.  The  axial  locations  of  FCq  (dashed 
wavefors)  and  R(  (dotted  wave  fore)  are  31  and 
05  ca  froei  the  cone  to  coax  transition, 
respectively.  The  solid  line  in  the  »«ee  figure 
shows  the  difference,  I^OJJ ,  between  the 
input  (IQ)  and  output  d4J  currents. 

Soth  Faraday  cups  peak  at  the  beginning  of 
the  pulse  (1*1  in  Figure  3).  These  peaks,  which 
fit  temporally  under  the  broader  peek  of  llo<1, 
arise  froa  transverse  electron  current,  that  is, 
current  flowing  across  the  gap.  The  signal  froa 
FCq  arises  before  the  signal  froa  FCj.  This 
transverse  electron  flow  (pulee  front)  Is  required 
to  establish  asgnstic  insulation. 


Another  feature  of  the  Faraday  cup  and 
current  lots  twvaform*  is  the  rise  that  occurs 
Slaultansously  and  has  roughly  the  saae  duration 
as  the  drop  in  voltage  (C*D  in  Figures  2  and  3). 
This  loss  reaches  a  plateau  before  there  Is  a 
rapid  rise  in  the  current  loss  and  Faraday  cup 
signals,  which  is  simultaneous  with  the  rapid  drop 
in  Vj  (D*E  in  Figures  2  and  3). 

The  tine  between  the  two  peaks  of  the  Faraday 


cup  allows  a  calculation  of  the  apparent  velocity 
of  the  pulse  front,  since  the  distance  between  the 
cup*  is  fixed.  For  the  waveforms  of  Figure  3,  the 
velocity  1s  4.4  x  107  *  ’  while  the  velocity  for 

seven  experiment*  performed  under  similar 
conditions  is  5.2  S  1.2  x  107  a  corresponding 
to  3  -  0.17  a  0.4.  The  spreads  in  the  results  are 
standard  deviations  about  the  swan  of  the  sxperl- 
aentai  data  for  seven  experlaents  performed  undsr 
identical  conditions.  Since  the  voltage  behind 
the  front  is  approximately  340  kv,  sne  velocity  is 
substantially  below  the  velocity 

*  -VT0-1/t0*1  «  0.5 
predicted  by  present  theories.**7 

The  spatial  extant  of  tha  front  aay  be  calcu¬ 
lated  under  the  assueptlon  of  constant  apparent 
front  velocity  using  e  straightforward  t  "  x/u 
tranaforaation.  Tha  swan  FVluw  of  the  rCg  and  re, 
fronts  for  the  taste  seven  experiswnts  are 
6.9  -  2.7  ns  and  7.4  -  j.6  ns,  respectlvaly. 

Thase  values  yield  a  front  width  of  37  -  14.3  ca 
at  both  locations.  This  analysts  indicatas  that 
although  the  MXVS  is  snort  compered  to  the 
characteristic  tlas  acalaa  of  tha  axperiaant,  it 
is  long  ooepared  tr>  the  spatial  extant  of  the 
front,  which  aatabllshoa  asgnstic  insulation. 

The  difference  between  2q  and  Z4  (XloiJ) 
shows  a  low  laval  of  tranavarse  electron  flew  in 
the  interval  »*C  of  Figures  2-3  after  insulation 
lias  been  established  and  before  the  voltage  begins 
to  drop.  For  the  seven  experlaents,  this  loss 
averages  55  -  20  kA,  which  is  equivalent  to 

12  2  4  A  ca-2.  This  loss  could  arise  froa  in¬ 
stabilities  in  the  electron  flow. 

Experlaents  were  performed  with  filters, 
covering  the  Faraday  cups,  to  discriminate  ion 
emission  current,  which  could  produce  a  signal 
distinguishable  froa  electron  impact  current.  The 
measurements  revealed  that  the  signals  were  Indeed 
due  to  electron  Impact. 

Cap  closure  has  not  bean  aaasured  In  these 
experiments.  Indirect  evidence  of  gap  cloaure, 
however,  wee  obtained  froa  the  currant  and  voltage 
waveforms.  It  was  observed  that  the  current  in 
the  structure  agreed  very  cloaely  with  that  cor¬ 
responding  to  saturated  parapotentlal  flow  during 
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tin  tine  Interval  2-C  of  rigure  2  The  current 
becaae  substantially  Urpr  thereafter, 
that  closure  af  tha  gap  could  be  responsible  for 
the  Increase. 

“ha  91  p  in  tha  coax  la  obtained  aa  a  function 
of  Si sm  by  dividing  tha  currant  corresponding  to 
saturated  flow-5  1^,'g  -  iar  in  St  *  (T2  -  l),/2J  by 
tha  aaaaured  input  currant  (IQ)  and  sultlplylng 
tha  quotient  by  X.  Sine*  g  •  X/d,  tha  raauit  of 
tha  calculation  la  d(tl.  Cn  tha  calculation 
»  *  aV./UjjC*  *  1  and  I,  -  6600  X.  figurv  4 
display*  tha  raauit  of  tha  calculation  with  tha 
vaveforsa  of  Pleura  2.  tha  plot  shove  that  d 
racalna  equal  to  S  m  for  10  na  aftar  »*gn«tic 
insulation  ha  a  been  aatabllahad  lit  tha  coax,  than 
tap  closure  begins  shortly  be  for*  peak  voltage  aa 


ricure  4  leax  jap  as  a  function  of  tin  a. 

tha  faraday  tup  signals  start  to  risa.  tha  gsp  in 
tha  coax  naa  baen  calculated  by  this  aathod  for 
tha  seven  axpafloants  for  which  tha  Faraday  cup 
lata  have  baen  discussed.  Sefore  tlotura  begins , 
tha  calculated  average  gap  is  S.3  f  0.2  as.  vnich 
coapares  wail  to  tha  S  an  gap  in  tha  coax,  tha 
everage  cloture  velocity  for  5  a  >  d  >  1  a  is 
■s.o  f  J.d  ca  as-1. 
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Abstract 

a  new  muicl-acage  low-inductance  cube  for  Che 
coaxial  water  generator  QW.  ZX  ha*  been  designed.  Low 
Inductance  la  achieved  by  Mans  of  a  plaatlc  lent  In 
che  water,  which  produce*  a  field  distribution  with 
improved  uniformity. 


The  CWL  ::  coaxial  wacer  dielectric  generator  has 
an  output  transformer  impedance  of  l.Q  ohms,  an 
operating  voltage  an  the  tube  of  l.S  MV,  and  an  FWKM 
pulse  duration  of  SI  ns.  The  tube  originally  aaployad 
a  radial  insulator  configuration  at  the  turn  between 
t»e  coaxial  water  line  end  the  radial  vacuw  feed. 1 
The  tube  had  a  Ira vs car  angle  Interface,  which  caused 
the  electromagnetic  wave  In  the  water  dielectric  to 
strike  the  plsstlc  Insulator  at  an  Angle  to  its 
surface.  In  propagating  around  the  comer  in  the 
plastic,  the  wave  emerged  into  the  vacuum  with  an 
electric  field  distribution  that  was  nonunifont  along 
the  Insulator  surface.  The  electric  field  was  lowest 
at  the  triple  point  wherw  the  vacuus,  plastic,  and 
cathode  surfaces  aeet  and  increased  by  a  factor  of  2.9 
near  the  anode  end  of  the  insulator  surface.  This 
design  was  used  to  reduce  the  electric  field  at  the 
triple  point  where  electron  ecalsslon  could  cause 
flsshover  along  the  entire  insulator  surface.  The 
average  field  along  this  Insulator  surface  was 
43  kV/ca. 

Because  of  recent  advances  In  the  design  of 
auli.-staged  stacked  insulator  tubes  as  well  as  she 
age  of  the  original  radial  tube,  a  new  tube  was 
designed  and  tested.  The  objective  of  the  new  design 
was  to  improve  the  breskdovn  characteristics  so  that 
the  probability  of  breakdown  would  be  less  than  H  at 
2  MV  and  less  than  50k  at  2.5  MV.  The  Inductance  was 
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to  be  reduced  below  IS  mil  cospared  to  the  30  nM  of  the 
vacuus  region  In  the  old  tube. 

The  new  tube  esploys  stacked  insulators  and  a 
dielectric  lens  to  achieve  high  uniformity  of  field 
grading  along  with  tunisus  inductance.  Tlgure  >  shows 
a  JASON  electrostatic  field  code  calculation  of  the 
field  in  the  region  of  the  cum  from  -be  coaxial  to 
the  radial  line.  Naturally  the  flald  is  nor.unifors  in 
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Figure  1  electrostatic  equipotenctals  for  CM.  22 
water  coax,  multi-stage  tube,  and 
radial  va'cuus  line. 

the  coaxial  region,  and  would  become  uniform  in  the 
radial  section  if  the  redial  water  line  vara  to  extend 
far  enough  lnvardi  however,  for  compatibility  with  the 
present  experimental  apparatus,  the  tube  insulator  had 
to  be  located  very  near  the  turn.  Figure  1  shows  a  9- 
staga  tube  separating  the  water  from  the  vacuum 
side.  Clearly  the  field  grading  is  quite  nonuniform, 
and  a  simple  mltistage  tube  design  would  be  dominated 
by  che  high  electric  fields  near  the  cathode  surface. 


unoraoeo  mie  oraoinq  cone 


WAVEGUIDES  DIELECTRIC  lens 

Figure  2  Kathods  of  Isp  roving  field  uniforaity 
along  sultl-acage  insulators. 

Stvtnl  aathods  Uva  baan  ^aaployad  to  grade 
sultiscag*  tuba*  {Figure  21.  In  high- lap*  dance,  oli- 
ir.auiatcd  a  Tradin';  con#  is  placed  at  tha 

corner,  and  the  cathode  stalk  la  a  ha  pad.  *  This  method 
ha*  th*  effect  of  roving  field  ilea*  coward  eh*  anoda 
plan*,  thereby  improving  eh*  uniforaity.  In  low- 
usp*  dance  water  Diehl nit,  a  .-.unbar  of  veva  guides  or 
flux  excluders  ara  uasd  to  guide  flux  tuba*  into  a 
mfora  Trading  of  th*  tuba.  Th*  tana  flux  axcludar 
applia*  if  these  wava  guide*  have  consldarabla  croas- 
aaetion  to  raduc*  ispadanca  alsaatche*  in  tha  uatar 
region.  Flux  excluders,  however,  hava  tha  drawbacks 
of  being  counted  directly  to  eh*  insulators  and  of 
..aving  delicate  construction  for  us*  in  wacar  nxchines 
where  ansiderable  water  shock  occurs  froa  tha 
switches. 

The  new  tube  discussed  here  aapioys  a  dielectric 
iar.s  in  tha  region  of  the  turn  in  the  water  lina  naar 
tha  anoda  plane.  The  low*-  dielectric  constant  of  the 
plastic  draws  egulpotentlal  llr.aa  into  that  region. 
After  leaving  the  plastic  they  enter  the  tuba 
insulator  with  a  nor#  unifora  distribution.  This 
.sign  was  suggested  by  Ian  Saith. 

Figure  1  shows  our  initial  electrostatic  field 
islculacion  of  a  dielectric  lens  for  the  CWL  II 
tube.  The  lens  action  is  clearly  shown,  and  field 
grading  on  the  insulator  is  gulte  ml  fora  in 
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Figure  2  Equipotftntial  plot  for  CA  II  tube 
with  dielectric  Ians  in  water. 

coapariaon  to  tha  no-lana  case.  U*  varied  tha 
thickness  of  tha  Ians  in  the  calculation  and  found 
that  tha  grading  along  tha  Insulator  Is  relatively 
insensitive  to  the  thickness  of  tha  Ians.  For  ease  of 
fabrication  w*  shaped  tha  lens  with  flat  aides 
t Figure  4).  Tha  grading  raaalnad  unifora  along  tha 
stack.  Figure  5  shows  the  distribution  of  electric 
field  along  th*  ti*  rod  located  just  outside  the 
insulator  stack.  Tha  field  at  tha  Knuckle  in  Figure  2 
is  126  kv/ca,  and  in  th*  plastic  it  is  200  kV/ca. 
Therefore,  th*  watar  line  has  a  safety  factor  of 
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figure  «5  Final  design  of  C8fl  II 
dielectric  lens. 


Figure  S  Eiiect  oi  dielectric  on  iield  grading 
along  9-stage  insulator.  Distance  is 
measured  freo  cathode  to  anode  planes. 


1.0.  The  plantic  is  considerably  below  the  breakdown 
point.  On  the  insulator  the  tlsM-dependent  breakdown 
iield  is  123  kV/ca,  and  the  avert?*  iield  on  the  stack 
is  about  00  kV/ca  giving  a  saiaty  Factor  oi  1.5. 


10*  ca3.  Radially  meatier  to  the  lnaulatorr.  there  la 
a  constant- is pe dance ,  5  Ohs  vacuus  Feed*  which  then 
becomes  a  constant -gap  vacuus  line  leading  the  cathode 
•hank  and  diode.  The  calculated  inductance  oi  the 
insulator  stack  plus  vacutaa  Feed  up  to  the  constant 
9ap  section  is  IS  nM.  K  photograph  oi  the  tube  la 
shown  as  Figure  7. 


Figure  7  Photograph  oi  the  new  tube. 


The  physical  configuration  oi  tile  new  tube  is 
show  is  Figure  6.  The  csst  polyurethane  dielectric 
lens  is  23  ao  long  and  3.5  as  thick.  The  insulators, 
side  o!  acrylic,  are  2.5  cr.  thick  with  an  angle  on  the 
suriace  oi  45  degrees.  The  insulator  area  1s 

ow’Utim 

u«oteu»(m 
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The  grading  along  the  insulator  rings  was 
Measured  by  injecting  a  pulse  iron  the  diode  and 
observing  the  grading  oi  the  wave,  which  reilects  iron 
the  prepulse  slab  at  the  iar  end  o!  the  output 
transiormer.  The  Measured  grading  is  shown  in 
rlgure  8|  clearly  the  measured  eiiect  oi  the 
dielectric  lens  la  quite  close  to  the  calculat  d 
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Figure  6  Layout  oi  new  OWL,  II  tube  and 
diode  load. 


values. 


OtAOKMT  SINS  ttUUM* 

Figure  8  Comparison  oi  calculated  and  measured 
potential  distribution  along  insulator 
stack. 
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Tha  tuba  installed  on  CVE.  ::  la  shown 
in  figure  9. 
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